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Summary 
The transfonnation of biogenic silica (opal-A) to cryptocrystalline opal-CT (cristobalite and 
tridymite) and subsequent transition of opal-CT to quartz are important diagenetic reactions 
that may occur in siliceous sediments within many sedimentary basins worldwide. These 
diagenetic transitions are basin-scale features and can have areal extents of 104 - 105 km2• 
These reactions can have a significant effect on the physical properties, especially porosity, 
seismic velocity and density, of the host sediment. The role played by silica diagenesis within 
sedimentary basins is poorly understood, but it is becoming apparent that these reactions 
could have significant implications for basin analysis in tenns of the sedimentological and 
defonnational history of the basin as well as for hydrocarbon exploration. 
Seismic reflection data reveal two silica diagenetic boundaries located in the North 
Sakhalin Basin (NSB), offshore Sakhalin Island in the Russian Far East. These boundaries 
fonn distinctive high-amplitude seismic reflections that predominantly cross-cut Miocene 
stratigraphy. The boundaries represent the opal-A to opal-CT transition and the subsequent 
deeper opal-CT to quartz transition and cover an area of - 107000 km2• The reflections 
represent diagenetic reaction fronts that advance through silica-rich host sediments during 
burial. The diagenetic boundaries develop a variety of morphologies. In the NSB these front 
geometries are probably the result of the interference of the diagenetic fronts with inclined 
and folded stratigraphy together with lateral changes in the composition and, therefore, depth 
of transfonnation of the sediment. This thesis defines criteria for the recognition of the 20 
cross-sectional morphological elements and by so doing provides the basis for the objective 
description and categorization of diagenetic front geometry. 
In many sedimentary basins the seismic reflections that mark the conversion of opal-
A to opal-CT and the subsequent conversion of opal-CT to quartz, are parallel to the present-
day seabed. As the reactions are, in part, thennally activated these boundaries have been 
proposed as potential isothennal markers and could have utility for hydrocarbon exploration. 
This thesis describes opal-A to opal-CT and opal-CT to quartz diagenetic boundaries using 
seismic data from the NSB that are not parallel to the present day seabed, but for - 80% of 
the area of the basin are parallel to an unconfonnity of Late Miocene age. The diagenetic 
boundaries are not parallel to the present day seabed, but may represent palaeo-isothenns that 
were parallel to the Late Miocene seabed. This characteristic is not unique and has been 
identified in other basins. It indicates that silica diagenetic boundaries do not make reliable 
1 
present day isothenns and therefore should be treated with caution in exploration campaigns. 
This thesis proposes that diagenetic boundaries which are not parallel to the seabed are not 
present day isothenns, but are palaeo-isothenns and propose several mechanisms that could 
be responsible for this palaeo-isothennal behaviour: (1) temperature decrease, such as a 
declining geothennal gradient, which will cause the rate of conversion to slow; (2) variations 
in the burial rate that will cause changes to the rate of conversion; (3) erosion of the 
overburden; and (4) a change in the rate of conversion as a result of variation in the physico-
chemical factors influencing the silica diagenetic reactions. 
A dramatic reduction in porosity, generally as much as 15-35%, is frequently 
associated with the fine-grained sediment within which the transition of opal-A to opal-CT 
occurs. Many of these silica diagenetic boundaries imaged on seismic reflection data show a 
variety of undulating morphologies. Where the diagenetic boundaries have variable relief, 
defonnation of the overburden has been identified. Unusual stratal patterns are the result and 
these have recently been accounted for as a result of differential advancement of the 
diagenetic boundary, which leads to differential compaction and subsidence of the 
overburden. The hypothesis developed is that differential advancement of the diagenetic front 
simply causes differential compaction and folding of the strata above the opal-A to opal-CT 
boundary. This thesis tests this hypothesis and then uses knowledge of the relief of the 
diagenetic boundary and the folding above it, to make estimations of the magnitude of the 
porosity drop. This thesis applies this forward modelling technique to examples of boundaries 
from the NSB and from the Faeroe-Shetland, V"ring and Mme Basins from the Northeast 
Atlantic margin. This technique could be applied to some biogenic silica-rich successions in 
extreme latitudes where the lack of commercial or scientific drilling means that no other prior 
infonnation on porosity-depth functions is available. 
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Note on Thesis Structure 
The contents of the three core chapters of this thesis have either been published, in press or in 
review as papers in international journals. For each of these papers I am the lead author with 
my primary supervisor Prof. Richard J. Davies as co-author. With regards to the three papers 
that make up the core chapters, they are my own work with my primary supervisor providing 
constructive feedback, together with several journal reviewers, in order to improve the quality 
of the manuscripts. A paper entitled 'The suitability of silica diagenetic boundaries as 
isothermal markers: Examples from Offshore Sakhalin, Russian Far East', based upon 
Chapter 2, is currently in review with Marine and Petroleum Geology. A paper entitled 
'Morphological development of basin-scale silica diagenetic fronts revealed with 2D seismic 
reflection data: offshore Sakhalin, Russian Far East', which Chapter 3 is based upon, was 
published in 2007 in the Journal of the Geological Society and is cited extensively throughout 
this thesis as Meadows & Davies (2007). A paper entitled 'Predicting porosity reduction due 
to silica diagenesis using seismic reflection data', based upon Chapter 4, was published in 
2009 with Marine and Petroleum Geology. However, in this paper the relief model (see 
Chapter 4.5) is only mentioned briefly, but is described in more detail in the chapter. 
Other than the seismic data, I have had very limited access to other forms of data to 
use in the thesis. Despite repeated requests to BP I have not had access to the well data for the 
NSB. However, BP has released an image (Fig. 1.10) showing the lithology, biogenic silica 
content and log (sonic, density and porosity) responses for one of the wells. BP has also 
released bottom hole temperature (BHT) data from the wells (Table 1.2) and the seismic 
stratigraphic interpretation for the NSB (Appendix II). Also BP has requested that the 
locations of these wells is kept confidential, hence they are not shown on the map of the NSB 
(Fig. 1.9). 
Additional supporting information is provided in a series of appendices included with 
the thesis. Appendix I provides information on the seismic interpretation and processing 
methodology, as well as some additional regional seismic lines to help illustrate the tectono-
stratigraphic setting of the NSB. Appendix II includes BP's seismic stratigraphic 
interpretation of the NSB, as well as some additional temperature data from onshore and 
offshore Sakhalin. Appendix III presents the results of some research into attempting to 
recreate the opal-A to opal-CT boundary using synthetic seismic and data from ODP sites. 
My secondary supervisor, Dr. Richard Hobbs, provided substantial assistance with the 
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generation and interpretation of the synthetic seismograms in Appendix III. Copies of the 
papers that make up the core chapter are provided in Appendix IV, which can be found on a 
CD at the back of this thesis. Also provided in Appendix IV is a paper by Davies et al. (2008) 
of which I am a co-author. This paper used some of the NSB dataset to illustrate fluid flow 
due to silica diagenesis (see Chapter 5.5.1). 
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porosity reduction (50% in this example), causing folding to occur. 
4.2 Schematic diagram summarising the ridge-trough morphology of 75 
the opal-A to opal-CT boundary described by Davies (2005). This 
form of frontal morphology initially developed due to differential 
advancement of the diagenetic boundary. Ridge relief and width 
are then progressively increased due to earlier opal-A to opal-CT 
conversion above ridges as well as conversion laterally along bed 
sets (Davies 2005). This caused compaction and subsidence in the 
overlying strata and to the development of a series of downward 
flexures aligned with the ridges in the DOC. 
4.3 Porosity-depth graph for siliceous sediments from ODP Leg 77 
127/128, Site 795, Sea of Japan. Dashed line indicates the 
approximate position of the opal-A to opal-CT transition and the 
solid line indicates the porosity trend with depth. 
4.4 Estimated porosity values required to produce the differential 83 
compaction m the strata above the multi-kilometre scale 
depressions and elevations identified in the NSB. (A) Example of 
a depression (1) from seismic data from the NSB. Note the 
antiformal folding in the strata overlying the depression (2). (B) 
Calculation of the porosity drop, associated with the depression, 
using the porosity model. (C) Example of an elevation (1) from 
seismic data from the NSB. Note the downward flexure of the 
overlying strata (2). (D) Calculation of the porosity drop, 
associated with the elevation, using the porosity model. The purple 
dotted line on seismic data marks the position of the opal-A to 
opal-CT boundary, while the pale blue dotted line marks the opal-
CT to quartz boundary. 
4.5 Estimated porosity values required to produce the ridge and trough 84 
morphologies identified in the basin of the Northeast Atlantic 
margin. (A) Example of the ridge and trough morphology (1) from 
the FSB. The high-amplitude reflections above the opal-A to opal-
CT boundary are a gas cloud. (8) Calculation of the porosity drop 
using the porosity model for the FSB. (C) Example of the ridge 
and trough morphology (2) from the Voring Basin. (D) 
Calculation of the porosity drop using the porosity model for the 
Voring Basin. (E) Example of the ridge and trough morphology 
(3) from the More Basin, (F) Calculation of the porosity drop 
using the porosity model for the More Basin. 
xiii 
4.6 Schematic diagram showing the relative effects of velocity change 87 
and porosity reduction on the seismic expression of sediment 
undergoing conversion. (A) Unconverted sediment with a uniform 
velocity. (B) Velocity increase at the DOC with no porosity 
change. (e) Porosity reduction (-35%) at the DOC with no change 
in velocity. (D) Combination of velocity increase and porosity 
reduction at the DOC. See text for further expJanation. 
4.7 Graph showing the relief model relating relief of the DOC against 89 
amplitude for various initial and final porosities. 
4.8 Graph showing the porosity model relating porosity drop against 90 
amplitude for various initial porosities and DOC reliefs. 
4.9 Graph showing the effect that the value of initial porosity that is 91 
input into the model will have on thickness, hence amplitude of 
the folding for a 25% porosity drop. Diamonds = initial porosity 
vs. final thickness after conversion. Squares = initial porosity vs. 
change in thickness after conversion. Note that the trends show an 
exponential relationship. 
5.1 Seismic line from the FSB illustrating the similarities between the 97 
reflections that represent silica diagenetic boundaries and 
hydrocarbon flat spots. 
5.2 Seismic line showing an example of structures resulting from 100 
overpressure release and fluid flow caused by the opal-A to opal-
CT transition. Note the disrupted and downwarped reflectors (X) 
that originate from the opal-A to opal-CT boundary, which have 
pockmarks (Y) directly above them. These possibly result from the 
compaction of the strata due to fluid flow. A combination of 
pressure increase and fluid expulsion due to the transition can lead 
to expansion in the strata above the boundary resulting in normal 
faulting (Z). 
5.3 A 3-stage schematic model showing the evolution of overpressure- 101 
and fluid flow-related features associated with the opal-A to opal-
CT transition. (A) Deposition of the diatomaceous sediments and 
burial to the depth of conversion (DOC) where the opal-A to opal-
CT diagenetic front forms. (B) The transition of opal-A to opal-CT 
leads to the expulsion of fluids (3) due to the porosity reduction 
causing a zone of overpressure (4) to form above the front. (e) 
The release of the overpressure (5), possibly due to the erosion of 
the overburden (8), causes a variety of features to form (6 and 7). 
See text for further explanation. 
5.4 Integrated schematic diagram summarising the key seismic 104 
attributes of various 2D (A-I - from figure 3.2) and 3D 
morphological features (J-K). (1) Lack of frontal relief; (2) Track 
stratigraphy; (3) Pseudo-antiform; (4) Pseudo-synform; (5) Front 
is parallel to a higher stratal reflection; (6) Up-dip 'saw-tooth' 
pattern of front as it cross-cuts inclined stratigraphy; (7) Base 
attached to main diagenetic front; (8) Concave-upward shape with 
tapering margins; (9) Flat to dome shape; (10) Base detached from 
main diagenetic front; (11) Slight concave-upward to elongate 
shape; (12) Terrace; (13) Gentle anti form al folding; (14) 
Downward flexure of overlying sediment; (15) Polygonal faulting; 
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(16) Ridge; (17) Trough; (18) Direction of diagenetic front 
advancement/fluid flow; (19) Differential compaction; (20) 
Merging of adjacent ridges as a result of lateral front advancement 
to eventually produce a planar front. 
6.1 I Schematic summary diagram showing some of the main findings 107 
of this thesis. (A) Diagram showing the opal-A to opal-CT 
diagenetic boundary, cross-cutting the host strata, parallel to an 
unconformity meaning it can be used a palaeo-isotherm. Assuming 
that the geothermal gradient is 40°C km-1, which has not altered 
since the development of the diagenetic boundary, the graph 
shows the geothermal gradients for the past (when the 
unconformity was the seabed) and present day. (B) Diagram 
showing the detail of the opal-A to opal-CT boundary. The various 
morphological features form as a result of a combination of 
interference of the diagenetic front with the stratigraphy and the 
development of seed areas (see Chapter 3 and Figs. 3.7, 3.8 and 
3.9). The graph illustrates a typical porosity-depth trend expected 
from strata containing an opal-A to opal-CT boundary. (1) 
Serrated patterns; (2) Attached wing; (3) Single-tiered detached 
wing; (4) Multi-tiered detached wing; (5) Boundary cross-cuts an 
anticline; (6) Multi-kilometre elevation; (7) Differential 
compaction in overlying sediment. Both graphs were calculated 
from the position of the well. The diagram assumes the opal-CT to 
quartz bound~ is not present. 
AI.1 Screenshot showing the positions of the seismic surveys in the 120 
NSB. The opal-A to opal-CT boundary interpretation is shown on 
this map. The blue rectangle on the map denotes the position of the 
3D survey. 
AI.2 Screenshot showing the interpreted seabed horizon from the 3D 121 
survey. Note that the seabed slopes away to the east, i.e. the more 
distal parts of the NSB. 
AI.3 Screenshot showing the interpreted opal-A to opal-CT boundary 121 
horizon from the 3D survey. Note that it was not identified on the 
data in the eastern part of the 3D survey. 
AlA Regional seismic line illustrating the tectono-stratigraphic setting 122 
of the NSB. The silica digenetic boundaries are not identifiable on 
this line. See figure 2.1 for the colour key to the stratigraphic 
subdivisions. 
AI.5 Regional seismic line illustrating the tectono-stratigraphic setting 123 
of the NSB. Only the opal-A to opal-CT diagenetic boundary is 
identifiable on this line. See figure 2.1 for the colour key to the 
stratigraphic subdivisions. 
AI.6 Regional seismic line illustrating the tectono-stratigraphic setting 124 
of the NSB. The silica digenetic boundaries are not shown. See 
figure 2.1 for the colour key to the stratigraphic subdivisions. 
AII.1 Schematic diagram showing BP's seismic stratigraphic 132 
interpretation of the NSB, which the stratigraphic subdivisions in 
Chapters 2 and 3 were based upon. 
AIl.2 Diagram linking the stratigraphic column for the NSB to BP's 133 
seismic stratigraphic interpretation (Fig. All. 1 ). 
xv 
AII.3 BP temperature data from the NSB. (Top) Graph showing the 134 
Sakhalin offset temperature dataset. (Bottom) Graph showing the 
Sakhalin offset geothermal gradient dataset. Note the BHT data in 
Table 1.2 supersedes the data shown here. 
AlII. 1 One-dimensional velocity diagram used to produce the synthetic 135 
shot gather (Fig. AIII.2). 
AIII.2 Synthetic shot gather generated using data collated from ODP Leg 136 
150. The traces are approximately 20m apart, so the maximum 
offset is 2000 m. 
AII1.3 Part of 2D seismic line 1027 from the EW9009 survey (offshore 137 
New Jersey continental slope - see Mountain et al. 1994) with the 
synthetic seismogram superimposed on top of the line. This 
illustrates the correlation between the synthetic and actual seismic 
data with respect to the opal-A to opal-CT boundary. 
All 1.4 Screenshot of a graph (from www.crewes.org) for a Zoeppritz 138 
Equation solver. This can be used as a proxy for interpreting AVO 
effects. The red line represents the Rpp (reflected P-wave). The 
data that were input into the graph are shown in Table AlII. I. 
xvi 
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Chapter t: Introduction 
1.1 Introduction to the thesis 
1.1.1 Historical context 
Seismic reflection data can be an important source of information for interpreting 
sedimentary basins. However, the use of seismic data as an aid to help understand the 
role of a host of diagenetic processes, which occur within the strata of many 
sedimentary basins, is arguably underrated as an analytical method. These diagenetic 
processes include the precipitation of cements in pore spaces and the conversion of 
clay minerals, such as the conversion of smectite to illite. These diagenetic processes 
can cause changes in the physical properties of the host sediment which in tum can be 
detected on seismic data. Identifying diagenesis on seismic data and recognising the 
controls on the diagenetic processes can be useful in terms of understanding the 
evolution of the host basin. This thesis focuses upon the use of seismic reflection data 
in identifying silica diagenetic reactions and their effects in sedimentary basins. 
The transformation of biogenic silica (opal-A) to opal-CT and subsequent 
transition of opal-CT to quartz are important diagenetic reactions that can occur in 
siliceous sediments within sedimentary basins. The role played by silica diagenesis 
within sedimentary basins is poorly understood, but it is becoming apparent that these 
reactions could have significant implications for basin analysis in terms of the 
sedimentological and deformational history of the basin as well as for hydrocarbon 
exploration. These silica diagenetic transitions have previously been imaged on 
seismic reflection data from various basins worldwide. However, until recently, 
seismic data have not been used as an analytical tool for the interpretation of silica 
diagenetic boundaries. The purpose of this thesis is to increase the understanding of 
silica diagenetic boundaries using seismic reflection data as an important analytical 
tool. 
1.1.2 Aims and objectives 
The aims and objectives of the thesis are to (1) use 2D and 3D seismic reflection data 
to identify the silica diagenetic fronts and work out their morphology and areal extent; 
(2) understand the possible mechanisms and processes behind the development of the 
diagenetic boundaries; and (3) understand the role that these diagenetic processes can 
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potentially play within sedimentary basins, in terms of differential compaction and 
hydrocarbon exploration. 
1.1.3 Methodology- seismic reflection data 
The observations and interpretations in this thesis are almost exclusively made using 
seismic reflection data (see section 1.6). Seismic surveying is one of a series of useful 
analytical tools available in geology. The basic requirements for a seismic survey are 
a source of energy, a series of receivers and a layered subsurface geology. Seismic 
data use acoustic energy to image the subsurface geology and can be applied to 
onshore and offshore areas (Brown 2003). Seismic surveying involves three steps: 
data acquisition, processing and interpretation. 
The seismic method relies upon changes in the acoustic properties of rock to 
perturb the sound waves as they are transmitted through the rock (Brown 2003). A 
signal is transmitted from the source down into the subsurface, where a fraction of 
this down-going transmitted energy is reflected at impedance boundaries beneath the 
surface upwards towards a receiver at ground/sea level (Fig. 1.1). Seismic surveying 
is largely concerned with using P-waves. When a wave from the source reaches a 
boundary between two media, such as a lithological or diagenetic boundary separating 
beds of different acoustic impedance (the product of density of the rock and its 
seismic velocity), then some of the acoustic energy is reflected back towards the 
surface where it is detected. The variations in the acoustic impedance contrast cause 
variations in the amplitudes of these reflections, i.e. a large difference in acoustic 
Transmitter Receiver Receiver Receivers 
Fig. 1.1: A schematic diagram showing ray-paths between source and the 
receivers during seismic acquisition. (From: Gluyas & Swarbrick 2004) 
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impedance will lead to a high-amplitude reflection. The reflections created from 
different interfaces can then be used to build-up a picture of the subsurface geology. 
Normally many receivers are used, which give redundancy in the data that can be 
exploited in processing to enhance weak reflections. Knowing the geometry of the 
sources and receiver arrays together with the two-way travel time (I), i.e. the time 
taken for the signal to propagate down to the reflector and back to the surface, the 
data can be collated to yield seismic cross-sections in 20 and seismic volumes in 30. 
Acoustic energy is generated through a variety of sources; on land explosives 
or a machine to induce vibrations are used, while on water air-guns are commonly 
used that discharge high-pressure air to create an acoustic pulse in the water column 
and into the underlying sediment. Seismic energy returning to the surface, on land or 
sea, is collected by an array of receivers. Two-dimensional surveys use a linear array 
of receivers, while 30 surveys are acquired in a variety of patterns, such as grids and 
brick patterns, to build-up a more detailed picture of the subsurface than a 20 survey 
(e.g. Brown 2003). The processing of seismic data aims to enhance the useful seismic 
information relative to the interference/noise in the signal and place the seismic 
reflections in their correct x, y and 1 space. The stages of seismic processing are 
complicated and are not described in detail in this thesis. For more information see 
Yilmaz (1987). The seismic data used in the thesis have had pre-stack time migration 
applied to them during processing (see Appendix I). Migration is designed to restore 
seismic reflections to their proper x-y position - this is needed because inclined strata 
or the intersections of geological boundaries with faults can cause a distortion in the 
signal that returns from the reflector so the implicit assumption that the reflection 
point lies directly beneath the mid-point between the source and receiver is no longer 
valid (Brown 2003). The final step of seismic surveying is the interpretation of the 
processed data. The objective of this step is to generate a coherent geological story 
from an array of seismic reflections. At a simplistic level this involves tracing 
continuous reflections across 20 grids of seismic lines or throughout 3D data volumes 
(e.g. Brown 2003). However, due to the intuitive nature of interpretation and the 
resolution of the data, it is rarely possible to create an unambiguous geological 
interpretation of a seismic dataset. 
One of the key issues when dealing with seismic data is that of resolution. 
According to Brown (2003) the resolution of the seismic data dictates in how much 
detail the subsurface geology can be imaged. There are two different types of 
3 
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resolution as ociatcd with el mlc data: hori zontal and vertical. The veltical 
resolution can be defi ned as the minimum vertical distance bctwecn two interface 
needed to give ri se to a single retle tion that can be ob erved on a ei mic section. 
thi s is known as the Rayleigh Criteria (Emery & Myers 1996). In a single noi se-free 
sei mic trace this is governed by the wavelength (/' ) of the seismic ignal. The sholtcr 
the wavelength, hence hi gher the frequency. the greatcr thc vertical reso lution . The 
limit of vel1ica l re olution is y,; A. The pacing between the renecti\ c interface 
decrease below the critical wavelength of the signal : interference begin to cau e the 
f01111ation of a compo ite wavelet with anomalous amplitude. Refl ction that are 
paced more clo ely than y,; A have respon e which begin to add constructi ely to 
produce a reflection with a high amplitude. Thi is known as the thin bed effect or 
'tuning' (Emery & Myers 1996). The wavelength can be calculated u ing the 
following equation: 
A= V /F ( I ) 
Where F is the frequency of the data, i.e. the number of peak pa ing one point per 
second; V is the seismic velocity: and A is the wavelength of the eismic signal. A 
normal seismic ignal is not monochromatic ( ingle frequency) so it is convention to 
use the dominant frequency and wavelength to work out the resolution . 
Migrated Fresnel 
zone - 20 data 
Seismic line 
nmlgrated 
Fresnel zone 
U; ... >r .. t •• ~ Fresnel 
zone - 3D data 
Fig. 1.2: A plan view of the focusing effect of 
migration in two and three dimension . The Fre nel 
zone will b reduced to an ellipse perpendicular to th 
seismic line for 2-D migration and to a small circle by 
Acou tic energy 
ent out from a source 
mo e in three dimen ion 
and spreads out over a 
large area, coming into 
contact with refl cting 
urfaces over discrete 
areas. The energy h'avels 
as wave and the region 
on the reflection wher the 
seism ic energy i reflected 
con tructively i known a 
th Fresnel zone ( mery 
& Myers 1996). The 
3-D migration. (Modified from: Brown 2003) horizontal re olution IS 
detem1ined by the radiu of the Fresnel zone (Fig. 1.2), which it elf dep nd on the 
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wavelength of the sei mic wave and the depth of the reflect ion. On a buried hori zon, 
all features with a lateral extent exceeding the Fresnel zone will be visible. The 
Fre nel radius is approximately equal to V /2(t/F)o .5 where I' is the eismic velocity, I 
is the two \\lay travel time and F is the dominant fi'equency in the seismic data (Emery 
& Myer 1996). The procedure of migrating seismic data considerabl y enhances the 
horizontal resolution (Fig. 1.2). Migration improves the horizontal reso luti on to about 
~ A (Emery & Myers 1996). 
Seismic surveys enable entire stratigraphic horizons, including diagenetic 
boundaries, to be correlated over tens of thousands of kilometre across sed imentary 
basins (Car1wright & Huuse 2005). The methodology and databa e behind the seismic 
interpretation of silica diagenctic boundaries is described in ection 1.6 as well as in 
Appendix I. 
1.2 Silica diagenesis 
opal-A 
Blades of crystobalite 
and tridymite 
x 100 All the geochemical and geophysical aspects of 
the silica diagenetic conversion proces have 
been studied to om extent over the pa t 50 
years. These aspects range from defining the 
phase change equence to the identification of 
the controls on the reaction rates. The main 
aspect of si li ca diagene is are summarised 
below. 
The u e of the terms and crystalline 
structure of opal-A and opal-CT were fir t 
properly defined by Jones & Segnit (1971) . The 
widespread occulTence of natural fonTIs of 
poorly crystalline silica resulted in a confusing 
nomenclature based in different in tances on 
morphology, physical properties or optical 
characteristics. In order to rationali e the 
classification of hydrous si li cas, Jone & Segnit 
Fig. 1.3: SEM image of opal-A (1971) proposed a nomenclature ba ed on the 
and opal-CT. (Modified fi'om: 
Davie et al. 2008) crystal structure (Fig. 1.3). The natural hydrous 
silicas were subdivided into three well defined structural groups: opal- (well ordered 
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a-cristoba litc), opal-CT (di sordered a-cristoba lite. a-tridymite) and opal-A (highly 
di sordered , ncar amorphous) (Jones & Segnit 1971). 
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1.2.1 Origin o/biogenic silica (opal-A) 
Biogenic silica is an important constituent of marine sediments, particularly those of 
Palaeogene- and Neogene-age (most pre-Palaeogene siliceous sediments have already 
converted to quartz and are chert-rich). Biogenic siliceous sediments occur both in 
deep- and shallow-water depositional environments. Throughout the geological record 
radiolarians and diatoms have been the most important opal-A producing organisms 
(Hesse 1990). The productivity of these siliceous organisms closely responds to the 
changing advection of anorganic nutrients. High productivities in modem oceans 
coincide with areas of high anorganic nutrient supply by upwelling along continental 
margins, north-equatorial and polar divergences (Fig. 1.4 and Table 1.1) (Decker 
1991). Siliceous oozes are typical pelagic sediments which accumulate on the deep 
sea floor in regions where silica production in surface water is high (Hesse 1990), 
such as in areas of upwelling nutrients. There is a good correlation between surface 
water productivity and the abundance of opal-A in the sediment below, therefore 
siliceous plankton productivity can control the rate of opal-A accumulation. Similar 
controls can be assumed for the geological past (Decker 1991). 
Opaline tests dissolve during settlement through the water column and in the 
uppermost sediment layers, less than 10% of tests enter the sedimentary record 
(Decker 1991). The rate of dissolution depends on thermodynamic factors, test 
morphology (i.e. size and specific surface area), chemical composition of the tests, 
and the presence of protective organic or authigenic mineral coatings (Hurd 1972, 
1973; Decker 1991). 
Number Location 
1 Central Pacific (DSDP 17) 
2 Berin~ Sea (DSDP 19) 
3 Middle Valley, Juan De Fuca Ridge (ODP 139} 
4 Offshore Southern and Baja California (DSDP 63), and Monterey 
Formation 
5 Pacific margin of the Antarctic Peninsula (ODP 178) 
6 Southeast margin of the South Scotia Ridge, Northern Weddell Sea 
(ODP 113) 
7 Maud Rise, Eastern Weddell Sea (ODP 113) 
8 Northwest Africa (DSDP 41) 
9 Onshore and offshore Barbados 
10 Eastern North Atlantic continental margin (DSDP 47 and 50) 
11 Western North Atlantic Basin (DSDP 43) 
12 Eastern North America continental slope and rise (DSDP 93 and 
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95; ODP 150) 
13 Labrador Sea (ODP 105) 
14 Fylla prospect offshore West Greenland 
15 Goban Spur area of the Northeast Atlantic (DSDP 80) 
16 Faeroe-Shetland Basin (e.g. Davies 2005) 
17 North Viking Graben - North Sea (Davies et al. 20061 
18 V 0ring and Mme Basins (Davies & Cartwright 2007) 
19 Barents Sea 
20 Western Indian Ocean (ODP 115) 
21 Kerguelen Plateau (ODP 120) 
22 Argo Basin, North-eastern Indian Ocean (ODP 123) 
23 Nauru Basin (DSDP 61) 
24 Western Pacific (DSDP 31) 
25 Sea of Japan (ODP 1271128; Lee et al. 2003) and Northern Japan 
(Tada & Iijima, 1983) 
26 North Sakhalin Basin (Meadows & Davies 2007) 
27 Basins of the Northern Sea of Okhotsk 
Table 1.1: Table listing the locations of documented silica transitions that relate to 
the numbers on the map in figure 1.4. 
1.2.2 Maturation sequence 
Evidence from deep-sea sediments and from onshore outcrops, such as the Monterey 
Formation of California, supports the following overall diagenetic maturation 
sequence: opal-A (siliceous ooze) -7 opal-CT (porcellanite) -7 micro-quartz (chert) 
(Fig. 1.5 - path A). It has long been known that the silica phases are transformed from 
opal-A through opal-CT to quartz with an increase in burial temperature (e.g. 
Pisciotto 1981; Tada 1991). Opal-CT (cristobalite and tridymite) forms an 
intermediate metastable phase. Eventually, at higher temperatures (greater burial 
depth or higher heat flow) or with time opal-CT transforms to microcrystalline quartz, 
which is the stable silica phase in diagenetic environments (Kastner et al. 1977). 
Williams et al. (1985) suggested that direct transformation from opal-A to quartz was 
a possible transition pathway (Fig. 1.5 - path B) under extreme depositional and 
diagenetic conditions, where silica solubility allows quartz to form directly from opal-
A. However, the intermediate opal-CT phase has been recognised in most diagenetic 
sequences in siliceous rocks (e.g. Hein et al. 1978; Tada & Iijima 1983). 
1.2.3 Mechanism of phase changes 
The transformation of opal-A to opal-CT and subsequent transition of opal-CT to 
quartz are dissolution-reprecipitation reactions. This interpretation of the reaction 
8 
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Fig. 1.5: Phase change diagram showing the idealised temperatures, burial depth 
and depositional environments. Also shown are the idealised relative physical 
property change and seismic response associated with the transitions. 
mechanism has been based on both oxygen isotope and petrographical evidence (e.g. 
Murata et al. 1977; Tada & Iijima 1983). The te ts of the siliceous organism in 
sediment can fonn an interlocking structure that ha a high porosity which collap e 
during the transfonnation to opal-CT as opal-A i dissolved and reprecipitated. In the 
opal-A zone there is a slow but progressive di olution and weakening of the diatom 
and radiolarian tests (Tada 1991). The specific urface area of the test decrea e from 
9 
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several hundred m2got to a few m2g-t, with an increase in age from Recent to Eocene 
(e.g. Kastner 1977). This aging process gradually decreases the solubility of opal-A 
due to a decrease in excess surface energy, finally causing opal-CT precipitation 
(Williams et al. 1985). Only the most robust of the siliceous fossils can survive 
dissolution (Tada & Iijima 1983). 
When opal-A is transfonned to opal-CT, the opal-A tests are extensively 
dissolved and reprecipitated as tiny opal-CT crystallites within the matrix (Tada & 
Iijima 1983). The dissolution-reprecipitation mechanism proceeds on a grain-by-grain 
basis with localised dissolution followed immediately by precipitation. This process 
may also involve the pseudomorphic replacement of opal-A by opal-CT in the tests, 
which can preserve the original shape of the siliceous organisms (Hesse 1990). Opal-
CT can also fonn as lepispheres with the euhedral shapes of the cristobalite/tridymite 
blades (Hesse 1990). The presence of lepispheres is proof that the recrystallisation of 
siliceous oozes to opal-CT bearing rocks occurs through a dissolution-reprecipitation 
mechanism. Lepispheres only form where crystallisation takes place in open pore 
spaces (>10 Jlm) such as the cavities of microfossils (Hesse 1990). 
When opal-CT is first precipitated it is poorly ordered with respect to 
crystallinity, but the ordering is gradually improved with increasing burial depth (e.g. 
Pisciotto 1981). Both the specific surface area and solubility of newly precipitated 
opal-CT decrease with depth (Williams et al. 1985), eventually leading to the 
precipitation of microcrystalline quartz. Extensive dissolution of opal-CT and 
reprecipitation as quartz occurs during the opal-CT to quartz transformation, which 
further dissolves the siliceous tests and fills any remaining pore space. The 
crystallinity and crystal size of quartz gradually increases as diagenesis proceeds (e.g. 
Hesse 1990). 
The silica diagenetic transitions are examples of Ostwald processes, where the 
reactions are not single-step processes. Rather, it involves a series of dissolution-
reprecipitation reactions as suggested theoretically by the kinetic model of Williams 
et al. (1985), which is based on surface-area effects. The relationship between specific 
surface area and solubility explains why opal-CT is required as an intermediate phase 
in the sequence of diagenetic transfonnations. Silicon solubility in equilibrium with 
opal-A of any specific surface area is normally too high for quartz to form directly 
from the dissolution of opal-A; hence quartz growth will be blocked as a less 'well-
ordered' phase, opal-CT, will form instead (Williams & Crerar 1985; Williams et al. 
10 
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1985; Hesse 1990). Quartz crystallisation is only possible when the 'equilibrium 
solubility' of opal-CT has been lowered sufficiently through Ostwald ripening 
(Williams et al. 1985; Hesse 1990). Opal-CT is a classic example of Ostwald's step 
rule that states, as a consequence of the crystallisation kinetics, that the transformation 
of an unstable to a stable mineral phase (at surface conditions) often requires one or 
more intermediate metastable phases (Morse & Casey 1988). Lowering the 
equilibrium solubility for dissolved silicon through Ostwald ripening of the opal-CT 
phase also counterbalances a solubility increase with rising temperature during burial; 
this is a prerequisite for quartz precipitation which would not occur if opal-CT 
solubility massively increased with temperature (Hesse 1990). The growth of a more 
highly ordered silica phase such as quartz is favoured by low silica supersaturation 
(Hesse 1990); hence the ordering process during burial of opal-CT works to produce 
such conditions and eventually enables quartz precipitation. 
1.2.4 Controls on conversion 
Silica phase transformations are affected by factors such as time, temperature, 
pressure, pore water chemistry and host rock lithology, with temperature and time 
(Fig. 1.6) being the main controls (e.g. Mizutani 1970; Kastner et al. 1977; Hein et al. 
1978; Tada 1991). At hemipelagic sites with relatively high sedimentation rates, the 
reactions generally occur in younger sediments and at higher temperatures than at low 
sedimentation-rate pelagic sites (e.g. Tada 1991; Tribble et al. 1992). A combination 
of the above factors could lead to some transformations taking place at shallower 
burial depths and lower temperatures. The time required for the completion of each of 
the transformations within a single section with minor lithological variation IS 
generally of the order of 0.1 to 1 Ma(e.g. Thein&vonRad 1987; Tada 1991). 
Lithology can affect the rate and mode of transformation through its influence 
on pore water chemistry, porosity, permeability, detrital mineral concentration, 
fracture formation, and content and specific surface area of the silica phase(s). The 
rate of conversion of the opal-A to opal-CT is accelerated in calcareous siliceous 
sediments as a result of the enhancement of opal-CT nucleation by the presence of 
magnesium hydroxide as a nucleus (Kastner et al. 1977). Higher porosities and 
permeabilities that are associated with calcareous sediments compared with clayey 
siliceous sediments also seem to enhance the rate of conversion through opal-CT 
precipitation (Lancelot 1973). However, the presence of clay minerals tends to retard 
11 
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the opal-A to opal-CT transformation (Isaac 1982), through consuming dis 01 ed 
magnesium (Kastner (!f (II. 1977), by reducing the effective urface area by ad orbing 
cat ions or by co ering the surfaces of iliceous pal1icles (Tada 1991). The type of 
iliceous fossi l may also have an effect on the timing of the opal-A to opal- T 
conversion duc to po sible differences in their pecific surface area (William et al. 
1985). 
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qual1z transfon11 ation within sed iment of variou lithologie from elected 
DSDP ites. Path A repre ents an age-temp rature path for a low ed im entation 
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precipitation between calcare us and clayey ilic ous sediments ubjected to the ame 
temperatures. This ob ervation is probably partly due to the uncertainty in the 
temperatur e timation obscuring the effect of lithology (Tada 1991). 
The opal- T to quartz transformation tend to tart earlier in chert concretion 
compared to urrounding iliceou chalks or calcar ou porcellanite (He 1990). 
The earli er formation of qUaJ1z within chert concretion could be related to the earlier 
diag netic fonnation of opa l-CT in the e con retion which in tum could act a 
nucl eati n point for th c n er ion when they reach the diagenetic front, I ad ing to 
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enhanced rates of diagenesis around the concretion. These concretions fonn above the 
diagenetic fronts due to favourable lithological and geochemical conditions, such as 
extremely low levels of detrital minerals (Bohnnann et al. 1994). Kastner et al. (1977) 
concluded that clay minerals present in the sediment also retard the rate of opal-CT to 
quartz conversion in a similar fashion to the effect they have on the opal-A to opal-CT 
transfonnation. In contrast, Isaacs (1982) observed that the opal-CT to quartz 
transition occurred earlier in clay-rich siliceous rocks compared to clay-poor rocks of 
the Monterey Fonnation of California. This could be due to the fact that although the 
opal-A to opal-CT transition is retarded, the opal-CT that does eventually precipitate 
is more ordered, facilitating the earlier conversion to quartz. 
Sediments richer in silica are converted at a faster rate than those containing a 
greater proportion of detrital minerals (e.g. Isaacs 1982; Bohnnann et al. 1994). The 
silica diagenetic transfonnations are dehydration reactions that can generate excess 
pore pressure in the strata above the diagenetic fronts (Hesse 1990). This generation 
of overpressure could cause hydro fracturing in the sediments overlying the 
boundaries. Microfractures can form due to the volumetric contraction as a result of 
the conversion of opal-CT to quartz (Eichhubl 2004). It is known that fracturing 
enhances the rate of the diagenetic process (Eichhubl & Behl 1998). Increased 
penneability as a result of fracturing can lead to increased fluid flow which in tum 
can cause enhanced dissolution and reprecipitation of silica (Williams & Crerar 
1985), hence enhanced rates of conversion. 
The temperatures required for opal-A to opal-CT transfonnation can be highly 
variable, ranging from 2-56°C (Hein et al. 1978; Keller & Isaacs 1985; Nobes et al. 
1992a; Bohnnann et al. 1994). The extremely low temperatures are related to 
siliceous oozes described by Bohnnann et al. (1994) along the Antarctic continental 
margin and are probably due to the exceedingly pure siliceous nature of these 
sediments. Temperatures needed for the opal-CT to quartz transition range from 46-
110°C (Hesse 1990; Nobes et at. 1 992a). The depths of conversion can vary 
significantly depending on heat flow, sedimentation rate and lithological effects. For 
example, the opal-A to opal-CT transfonnation generally occurs between 300-800 m, 
but can be shallower due to exceptional conditions (e.g. Bohnnann et al. 1994). The 
depths at which the transitions occur vary and depend on the temperature at which 
conversion is initiated. 
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1.3 Effects of silica diagenesis on acoustic and physical properties of sediments 
The physical properties of sediments are influenced by compaction and diagenesis 
during burial. Changes in mineralogy, chemistry, density, porosity and microfabric 
can all affect the sediments' acoustic and electrical properties. The physical property 
changes that siliceous sediments undergo during diagenesis include marked porosity 
reduction, density increase, decrease in water content and an increase in thermal 
conductivity (Figs. 1.5 and 1.7). The compaction of siliceous rocks is closely related 
to silica phase transformations (Tada 1991). The majority of non calcareous siliceous 
rocks lose their porosity mostly by mechanical compaction, but also by chemical 
compaction and reprecipitation associated with the opal-A to opal-CT transformation 
(Tada 1991). 
Opal-A diatomites and radiolarites originally have an extremely high porosity 
due to abundant interskeletal pores. The changes in the physical properties are distinct 
across the opal-A to opal-CT boundary. The diagenetic alteration of biogenic opal-A 
to opal-CT causes a dramatic reduction of intra- and inter-skeletal porosity (15-35% 
decrease) allowing sediments to consolidate at depth (Langseth & Tamaki 1992; 
Volpi et al. 2003). The opal-CT to quartz transition results in a further, less dramatic, 
reduction as the remaining porosity is removed by chemical compaction (e.g. 
pressure-solution). The porosity loss can be sharp or gradual (Chaika & Dvorkin 
2000; Chaika & Williams 2001) depending on clay mineral authigenesis. As a result 
of these physical property changes the analysis of silica diagenetic boundaries can be 
made difficult due to the fact that the transitions can overprint original depositional 
boundaries and pre-conversion deformational structures (Gutierrez-Alonso & Gross 
1997). 
Tribble et a/. (1992) used sediments from the Japan Trench and offshore 
California to illustrate the dependence of physical properties on biogenic silica 
content. Increased opal-A content is linked with increased porosity but decreased 
grain density and compressional velocity. Variations with depth in opal-A 
concentration are therefore reflected in highly variable and, at times, inverse velocity-
depth gradients (Tribble et al. 1992). Distinct changes in sediment microfabric, 
particularly in the porosity distribution as a result of the dissolution-reprecipitation 
reaction, accompany the phase transitions and contribute to a sharp velocity 
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discontinuity, evcn in relativcly silica- poor sediment (Tribble e l (/1. 1991), at the 
depth of thc opal-A to opal-CT and opal-CT to quartz boundalies. 
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The marked poro ity decrea e, and re ultant II1crea e In density and el mlc 
velocity, acro s the ilica diagenetic boundaries gIve lise to a significant regional 
sel 1111 reflection (Fig. 1.5) (e.g. Hein el al. 1978; Guerin & Goldberg 1996; 
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Meadows & Davies 2007). As a result of the acoustic impedance contrast these 
diagenetic fronts form positive polarity, high-amplitude seismic reflections (Davies & 
Cartwright 2002; Meadows & Davies 2007). The changes in the physical properties of 
marine sediments due to silica diagenesis can be imaged on seismic reflection data as 
two reflections (one for each phase change) and common amplitude terminations that 
can cross-cut inclined stratigraphy (e.g. Hein et al. 1978; Davies & Cartwright 2002). 
1.4 Diagenetic reaction fronts 
The diagenetic boundaries represent the top of an advancing reaction front and 
boundaries that are observed on the seismic data (e.g. Davies 2005; Meadows & 
Davies 2007) merely represent the onset of the phase transitions (Le. the density and 
porosity change). The appearance of the diagenetic fronts on seismic data implies that 
the transition from one silica phase to another occurs over a few metres. However, 
diagenesis is progressive, and opal-A and opal-CT generally co-exist over some 
interval; opal-CT and quartz similarly overlap (Pisciotto 1981; Nobes et al. 1992a) 
(Fig. 1.8). Also most successions of biosiliceous rocks show interlayering of clay-rich 
and less clay-rich siliceous sediments (Tad a 1991), therefore there is usually no single 
boundary between opal-A and opal-CT rocks; rather than a single conversion 
boundary, there is usually a transitional zone of interbedded opal-A and opal-CT 
rocks tens of metres thick (Tada 1991; Nobes et al. 1992a) (Fig. 1.8). For example, 
within the Monterey Formation the transition zones are interbedded on the scale of 
centimetres to metres (e.g. Compton 1991) (Fig. 1.8), while in the Sea of Japan the 
opal-A to opal-CT transition zone is 10m+ thick but the opal-CT to quartz is less than 
1m thick (Nobes et al. 1992a). 
The silica diagenetic fronts, especially the transition from opal-A to opal-CT, 
are significant seismic and thermal boundaries (Nobes et al. 1992a) representing a 
major regional lithification event (Hesse 1990). Both of the silica phase change 
reactions are reliant on temperature to initiate conversion; therefore the two 
boundaries are commonly parallel to one another. Temperature is one of the dominant 
controls on these reactions, therefore the two fronts have been considered to mark 
isotherms (Hein et al. 1978; Kuramoto et al. 1992; Nobes et al. 1992b; Lee et al. 
2003) that can in some cases be parallel to the seabed (see Chapter 2). 
Relatively speaking, transition zones advance upwards through the 
sedimentary section, or one could think of it as the sediment subsiding through the 
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Fig. 1.8: Photos showing examples of outcrops of siliceous 
rocks from the Monterey Formation of California. (A) Photo 
showing the interbedded nature of siliceous rocks at an outcrop-
scale, as indicated by the different coloured beds and dotted 
lines. (B) Photos showing an example of an opal-A to opal-CT 
boundary, marked by the dashed line and the colour change, in 
outcrop. The transition has a thickness of metres to tens of 
metres. (C) Photo showing the mm-to-cm-scale bedding 
common in siliceous deposits, as shown by the different 
coloured beds and dotted lines. 
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chemical mixture, converting the initial reactants to final products (Scott 1994). 
Reaction fronts and the processes by which they form are widely studied, since they 
are found in chemical, biological and geological systems. 
1.5 Seismic reflection studies 
Using seismic reflection data to image and characterise silica diagenetic boundaries is 
a relatively recent development (e.g. Davies & Cartwright 2002), although the cross-
cutting seismic reflections have long been associated with silica phase changes (e.g. 
Hein et al. 1978; Thein & von Rad 1987). The advent of high quality 2D and 3D 
seismic data from around the world has enabled detailed descriptions of their 
morphologies and has revealed an insight into the mechanisms of front advancement. 
The term 'front advancement' is used throughout this thesis to describe the processes 
by which the diagenetic boundaries move up-section relative to the host strata. 
The diagenetic front morphologies that have so far been described and 
explained have been identified on seismic reflection data from the Faeroe-Shetland 
Basin (Davies & Cartwright 2002; Davies 2005), the More and V"ring Basins (Davies 
& Cartwright 2007) and the North Sakhalin Basin (NSB) (see Chapter 3 and 
Meadows & Davies 2007). These morphologies have been recognised on the basis of 
the cross-sectional forms of the diagenetic fronts and the geometry of the host strata 
above and below the boundaries. 
1.6 Seismic database 
The majority of this thesis is based upon seismic data from the North Sakhalin Basin 
(NSB), offshore Sakhalin Island in the Russian Far East. The study area is covered by 
both a 2D and a 3D seismic survey (Fig. 1.9) that were acquired in 2004. The 3D 
seismic data cover an area of -2400 km2• The 2D survey consists of 7600 km of 2D 
multi-channel seismic reflection data, with 13x13 km line spacing and 25m shot 
interval. Information regarding the other parameters associated with the seismic 
surveys can be found in Appendix I. Information relating to how the seismic data 
were processed can be found in Appendix I, where the processing sequence is 
outlined. However, it is unknown whether wavelet processing has been carried out on 
these data to convert the effective wavelet to zero. Both of the surveys have a vertical 
resolution of.., 10m, which was calculated using equation 1 (see section 1.1.3 -
where the vertical resolution equals ~ f...), with an average frequency of.., 50 Hz (see 
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Appendix I) and a uming a seismic vclocity of 2000 111 S- I (see below). Both surveys 
image the diagenetic fronts: however. it is the 20 survey that provides the best images 
for interpretation \,vhieh are used in the the is. This is probabl y because the 20 survey 
--- Outline of the North Sakhalin Basin 
• Limit of the 2D survey 
- - - _. limit of the 3D survey 
• • • • Approximate extent of the silica 
diagenetic boundaries 
- Sakhalin-Hokkaido Dextral Shear zone 
Fig. 1.9: Map of akhalin showing the 
location of the NSB. Bathymetry (thin black 
li nes) shown in metres. Locations of 
ubsequent figur from hapters 2, 3, 5 and 
Appendix I that u e image from the ei mic 
data et (ee ection 1.6) are indicated. 
images a larger part of the ba in; 
hence providing more example. of 
the front geometry. Ho\o\ ever, the 
3D data et doe provide ollle 
u eful image of the opal-A to opal-
T boundary ( .g. Fig. 2.3), but 
rarely images the opal- T to quatiz 
boundary. The silica boundarie are 
probably Ie well developed in the 
3D survey because thi s urvcy is 
located in the centre of the ba in 
(Fig. 1.9) and the development of 
the boundaries i influenced by 
d trital edim nt (see Chapter 3.5). 
ei l11ic character alone i 
in ufficient to con train the origin 
of the high-amplitude, cr s-cutting 
reflection events. However, 
lithological ca libration of the 
ei mic data are pro ided by 
off: hore drilling, which indi at 
that the e reflection are coincident 
with the tran itions of opal-A to 
opal- T and of opal-CT (0 qU3liz . I 
have not had access to wells from 
the N B, de pite repeated reque t 
t BP. However, an image howing the lithology, biogenic ilica content and log 
re pon of one f the ewell \ as relea ed by BP (Fig. 1.10), though the raw data 
as 0 iated with th well wa not. Th neutron p ro ity, bulk den ity and sonic I g in 
figure 1. 10 were obtained through LWO (logging whi le dli ll ing). The po ition of th 
ilica diageneti boundari are identified by a combination of log re pon c (Fig. 
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1.10), percentage of biogenic ilica in the well cuttings through smear lide analy i 
(Fig. 1.10) and confiI1Tled by ei mic respon e (e.g. Fi g. 2. 1). 
D Slnd.ton. 
o SlIt.ton. 
E3 Mud.ton • 
• Dolomite 
I Tntnd of LWD 
: log r •• pon ... 
Fig. 1.10: Diagram howing the lithology, percentage of biogenic ilica LWD log 
and temperature data for Well B (see Table 1.2) in the NSB. The temperature graph 
use the bottom hole temperature. The percentage of biogenic ilica i calculated by 
rig ite smear lide analy i of cutting from the well. The depth cale i in metres 
below sea level. 
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BP did provide limited data which relate to the geothennal gradient and the 
stratigraphy of the basin (see Appendix II). The bottom hole temperatures (BHTs) 
shown in table 1.2 are measured from the base of the wells and have been corrected to 
allow for borehole mud circulation. The geothennal data allow the temperatures of the 
silica diagenetic boundaries to be calculated. The stratigraphic infonnation enabled 
the strata to be subdivided and approximate dates to be assigned. The lack of access to 
the data associated with the wells means that it is impossible in this thesis to tie the 
seismic lines to available well data through the use of synthetic seismograms as was 
done in Appendix III for the data from ODP Leg 150. In order to create a synthetic 
seismogram for the NSB, sufficient P-wave velocity and density data derived from a 
well would be required. 
Location Well Depth (m) Bottom Hole Temp ee) Geothermal Gradient ee km-I) 
Well A 3795.45 133.6 35.2 
WellB 3325.06 134.0 40.3 
Welle 3199.94 126.0 39.4 
WellD 2997.17 106.1 35.4 
Table 1.2: Table showing the depths and bottom hole temperatures (BHTs) from 4 
wells in the NSB. Using these data the geothennal gradients for each of the wells 
have been calculated. The names and specific locations of the wells have been kept 
confidential at the request of BP. 
To convert from two-way-travel time to depth an average seismic velocity of 
2000 m sol for sediment below the opal-A to opal-CT transition and 1700 m s-I for 
sediment above this diagenetic boundary has been assumed. An average seismic 
velocity of 2300 m sol has been assumed for sediment below the opal-CT to quartz 
boundary. These velocities are consistent for converted and unconverted sediment 
(Le. opal-A-bearing sediment prior to the conversion to opal-CT and quartz) at these 
burial depths from other documented examples worldwide (e.g. Guerin & Goldberg 
1996). 
1.6.1 Observations/rom the borehole data 
The LWD logs in figure 1.10 clearly show a significant change in physical properties 
associated with the diagenetic boundaries - the neutron porosity decreases and the 
bulk density increases as each of the transitions occur, while sonic log response 
decreases as the sediment is compacted as a result of the changes in density and 
porosity. The sonic log decreases from -150 J.ls ft- l above the opal-A to opal-CT 
boundary to -125 J.ls ft- l below the boundary. The bulk density increases from -1.75 g 
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cm-3 above the opal-A to opal-CT boundary to -2.05 g cm-3 below the boundary, 
while the porosity decreases from -50 pu (porosity units) above the opal-A to opal-
CT boundary to -35 pu below the boundary. The sonic log decreases from -125 I-ls ir 
) above the opal-CT to quartz boundary to -110 I-ls ft-) below the boundary. The bulk 
density increases from -2.05 g cm-3 above the opal-CT to quartz boundary to -2.25 g 
cm-3 below the boundary, while the porosity decreases from -35 pu (porosity units) 
above the opal-CT to quartz boundary to -25 pu below the boundary. The data from 
the wells indicate that the reflections identified on seismic data are coincident with the 
transitions of opal-A to opal-CT and of opal-CT to quartz. The sediment becomes 
diatomaceous at -925 m below sea level (Fig. 1.10). The percentage of biogenic silica 
in the diatomaceous sediment ranges between 60-90%, this value rapidly drops at the 
opal-A to opal-CT boundary to a value of <5% within 50 m below the boundary (Fig. 
1.10). 
1.7 Geological setting of the NSB 
Sakhalin Island is located along the western margin of the Sea of Okhotsk (Fig. 1.9). 
The Sea of Okhotsk is a relatively shallow marginal sea forming the north-western 
margin of the Pacific Ocean. The sea has an average depth of - 820 m, reaching -
3400 m at its deepest point near the Kuril Islands. It is an area where biogenic 
siliceous sediments accumulated during the Miocene, which were overlain by deltaic 
sediments during the Pliocene (Tull 1997). Pelagic and hemi-pelagic marine 
sedimentation in the NSB, particularly during the Miocene, included diatomaceous 
organic-carbon rich siliceous mudstones, siltstones, marls and sandstones (Fig. 1.10), 
which were deposited in a restricted to basinal environment (Ritchie et al. 2006). It is 
within these rocks that the silica transitions are most likely to occur. The siliceous 
shales and diatomites are common in the basins of the Sea of Okhotsk, because the 
marginal sea represents a clastic-poor, sediment starved area, with much of the runoff 
towards the Arctic due to Eocene uplift of the areas around the sea (Karlo & Gebhard 
2006). 
The study area is located within the North Sakhalin Basin, which is a deep (up 
to 12 km), Tertiary strike-slip downwarp associated with a major north-south trending 
dextral strike-slip fault system, known as the Sakhalin-Hokkaido Dextral Shear Zone 
(Fig. 1.9), that formed as a result of Neogene displacement (Khvedchuk 1993; 
Worrall et al. 1996; Lindquist 2000; Weaver et al. 2004). The stratigraphy of the NSB 
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is outlined in Fig. 1.11. The basin fill unconfonnably overlies a Cretaceous to 
Palaeocene basement accretionary complex. This in tum is overlain by Oligocene syn-
rift deposits and Miocene diatomaceous siliciclastic marine sediments, together with 
Unit 4· Pliocene 
strata 
Composed of 
deltaic sediments 
Late Miocene 
Unconformity 
thick successions of deltaic sediments that 
accumulated in the Late Miocene-Pliocene 
(Tull 1997). These deltaic sediments are 
thought to have been deposited by the 
eastward-prograding palaeo-Amur River 
Unit 3 • Miocene 
strata 
Composed of system (Lindquist 2000). The wells provide 
diatomaceous 
marine sediments BHTs from which the geothennal gradient 
Unit 1 • Cretaceous 
basement 
occurrence 
can be calculated (Table l.2). Using the 
BHTs the calculated geothennal gradient in 
the NSB ranges between 35 and 40'C kmo} 
(see Table 1.2). 
Sakhalin has had a complicated 
geological evolution and has been affected 
by several phases of Cretaceous and 
Tertiary defonnation which were caused by 
the complex interaction of plates in the 
north-western Pacific region. During the 
Mesozoic, Sakhalin was part of an offshore 
passive continental margin, but Aptian to 
Fig. 1.11: Stratigraphic column 
showing the stratigraphy of the 
NSB. Based upon BP stratigraphic 
data (see Appendix II), the literature 
and observations from the seismic 
dataset (see Fig. 2.1). Palaeocene plate collision resulted in 
subduction. The timing of the cessation of subduction is currently poorly constrained, 
but estimates range from Late Mesozoic to Early Cenozoic (Worrall et al. 1996; 
Weaver et al. 2004). There was a change in tectonic regime from subduction to strike-
slip in the Tertiary that generated a series of basins to the east of Sakhalin. Early 
Tertiary transtension provided the accommodation space for deltaic progradation from 
the palaeo-Amur and its distributaries, with very high sedimentation rates of up to 
500-800 m Mao} (Tull 1997). An episode of lateral compression during the Late 
Miocene resulted in erosion and the development of an unconfonnity on top of which 
the Pliocene deltaic sediments were deposited (Lindquist 2000). Sakhalin had become 
an island by 3Ma (Early Pliocene) as a result of the propagation of the strike-slip fault 
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system northwards; this resulted in the deflection of the Amur delta to the north 
(Brettle & Bessa 2006). 
The diagenetic boundaries are hosted within Miocene and Pliocene sediments. 
There was also an episode of Late Pliocene tectonism and orogenic inversion that 
resulted in significant geologically recent folding and thrusting, and the modification 
of pre-existing structures as well as in significant amounts of erosion in the NSB (Tull 
1997). The folds are orientated northwest-southeast and have a wavelength of 0.5-2 
lan. 
1.8 Format of the thesis 
The main part of this study concentrates on the silica diagenetic boundaries located in 
the North Sakhalin Basin. Chapter 1 provides an overview of what is currently known 
about the aspects of silica diagenesis. Chapters 2 and 3 give an in depth description of 
the silica diagenetic boundaries located within the North Sakhalin Basin, providing an 
account of their morphologies and position within the strata. Chapter 4 presents a new 
approach to estimating the porosity reduction associated with the opal-A to opal-CT 
transition using differential compaction and seismic data. Finally, Chapters 5 and 6 
discuss the findings and present the overall conclusions of this thesis. 
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Basin - Parallel Relationship of the Diagenetic Boundaries to the Late 
Miocene Unconformity 
2.1 Introduction 
Reflections that cross-cut stratigraphy and that are approximately parallel to the seabed 
are known from many continental margin settings. They are sometimes referred to as 
bottom simulating reflectors and are usually attributed to the base of gas hydrates or due 
to the conversion of opaline silica. Silica diagenetic boundaries are readily distinguished 
from hydrate-related boundaries because they generally occur at greater depths and have 
a positive acoustic impedance contrast as opposed to the negative impedance contrast of 
the hydrate base (Hein et al. 1978; Berndt et al. 2004). 
This chapter deals with the terms isotherm or isothennal marker and thermal 
marker, as well as with their palaeo-equivalents. Each of these tenns has a specific 
definition (e.g. Hein et al. 1978; Andrews-Speed et al. 1984; Kuramoto et al. 1992 and 
references therein): an isotherm is a boundary that can be traced across a basin, which 
will give a specific temperature for that point in the strata, while a thennal marker cannot 
be traced and can only be used in one location, such as in a well. Palaeo-isothenns and 
palaeo-thermal markers have the same definitions as their present day counterparts, but 
can only be used as temperature indicator at a specific point in the past, i.e. they cannot 
be used to give the present day temperature at that point or boundary in the strata. This 
chapter primarily deals with isothenns and palaeo-isothenns. 
It is thought that because temperature is one of the dominant controls on the silica 
reactions that the opal-A to opal-CT diagenetic boundary may be isothermal marking a 
specific temperature at which the reaction occurred over extensive areas of basins (Hein 
et al. 1978; Kuramoto et al. 1992; Lee et al. 2003). This has been used as an explanation 
for the tendency of the opal-A to opal-CT reflection to also be parallel to the present day 
seabed, assuming the basin has a uniform geothermal gradient and that the reaction 
occurs at a single temperature. However, the thennal structure of a basin need not be 
parallel to the seabed and variations in heat flow caused by large-scale fluid movements 
in the subsurface may result in isotherms that are not parallel to the seabed (Andrews-
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Speed et al. 1984). Many documented silica diagenetic boundaries are parallel to the 
present day seabed (e.g. Hein et al. 1978; Volpi et al. 2003), however others are not (e.g. 
Brekke et al. 1999; Davies & Cartwright 2002; Meadows & Davies 2007). Instead they 
are parallel to prominent unconformities. This chapter examines in detail the silica 
diagenetic boundaries from the North Sakhalin Basin (NSB), which show a high-degree 
of parallelism with the Late Miocene unconformity. The stratigraphy of the NSB is 
outlined in Chapter 1.7, figure 1.11. 
Opal-A to opal-CT boundaries have also tentatively been used as low-temperature 
present day thermal markers to help reconstruct the thermal history of the basin in order 
to determine source rock maturity and the timing of the maturation (e.g. Brekke et al. 
1999). They also have been considered useful for estimating the general trend of heat 
flow in a basin (Kuramoto et al. 1992; Lee et al. 2003). As a result of their tendency to 
follow unconformities the boundaries have even been proposed as potential 
palaeothermometers (e.g. Kuramoto et al. 1992). 
The aim of this chapter is to examine the stratigraphic position of silica 
transformation boundaries in relation to the seabed and major unconformity surfaces, 
consider factors that control this and, through these seismic-based observations, question 
the suitability of silica diagenetic boundaries as isothermal markers. 
2.2 Geological setting and database 
The seismic database used in this chapter and the geological setting of the NSB are 
described in detail in Chapters 1.6 and 1.7 respectively. 
2.3 Seismic stratigraphic observations 
For the purposes of this study, the succession has been informally subdivided into four 
units primarily based upon seismic reflection amplitude, continuity and discordance, 
together with lithological and stratigraphic correlation provided by BP (see Appendix II). 
As a result of the lack of access to well data the ages listed below are approximate and 
are based upon published literature (TullI997; Lindquist 2000) and the stratigraphic data 
derived from the wells (see Appendix II). The seismic stratigraphy (Fig. 2.1) consists of a 
Cretaceous basement overlain by Oligocene, Miocene and Pliocene successions (Tull 
1997; Lindquist 2000). 
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Fig. 2.1: Sei mic line howing the main tratigraphic ubdivi ion 
discussed in the text and the po ition of the silica diagenetic boundarie . 
The stratigraphic ucce ion i ubdivided into a Cretaceou basement 
(unit I) , Oligocene yn-rift deposits (unit 2) Miocene silicicla tic , 
diatomaceous marine diment (unit 3) and Pliocene deltaic sediment 
(unit 4). Note the southeastward progradation of the Pliocene deposit 
and the parallel relation hip of the Late Miocene unconformity with the 
si lica diagenetic boundaries. The same horizon colour convention is 
used throughout Chapter 2 and 3. 
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The basement (unit 1) consists of a Cretaceous accretionary complex, the top of 
this succession forms a semi-continuous high-amplitude seismic reflection consisting of 
three loops with a negative-positive-negative amplitude pattern (i.e. black-red-black). The 
interior of the basement consists of a series of mainly low-amplitude disrupted semi-
continuous reflections. The basement has been rifted into a series of tilted fault blocks 
(Lindquist 2000); these highs occasionally reach the present day seabed. The Tertiary 
succession is deposited in the depressions between the blocks (Fig. 2.1). 
The basement is overlain by both Oligocene and Miocene age sediments. The 
Oligocene succession (unit 2) is composed of syn-rift deposits (Ritchie et al. 2006), 
which consist of a sequence of low-amplitude disrupted seismic reflections. The 
Oligocene succession is only present locally at the base of depressions formed by the 
rifted basement (Fig. 2.1). The top of the Oligocene succession is marked by the 
occurrence of laterally continuous, parallel reflections of the Miocene succession. 
The Miocene succession (unit 3) is composed of siliciclastic, diatomaceous 
marine sediments (Tull 1997; Lindquist 2000; Ritchie et al. 2006). The seismic 
reflections in this unit are laterally continuous, range from high- to low-amplitude and are 
parallel to each other. The succession has been deformed (Fig. 2.1) by folding, normal 
faulting and thrusting (not shown in Fig. 2.1). The top of the succession is represented by 
the Late Miocene unconformity on to which the Pliocene succession onlaps. The 
unconformity forms a high-amplitude, continuous reflection with a positive acoustic 
impedance contrast, which is the same as the seabed. The silica diagenetic boundaries 
mainly occur within the Miocene succession (Fig. 2.1). 
The Pliocene succession (unit 4) is composed of eastward-prograding deltaic 
sediments (Lindquist 2000). The thickness of this unit is laterally variable (Fig. 2.1) due 
to a combination of post-Pliocene erosion (Tull 1997; Lindquist 2000) and the uneven 
nature of deltaic deposition. The seismic reflections form distinct high- and low-
amplitude progradational 'packages' and clinoforms, which have onlapping and 
downlapping relationships with each other and with the Late Miocene unconformity (Fig. 
2.1). Parts of the Pliocene succession show evidence of being affected by only minor 
deformation, while most of the succession remains unaffected. There are also minor 
Pleistocene and Holocene deposits (Lindquist 2000), which have been grouped with the 
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Pliocene succession in this study because they are too thin on the seismic lines to be 
classed as a separate unit. 
2.4 Interpretation of seismic stratigraphy 
On the basis of the observations the stratigraphy' is subdivided intO' Cretaceous, 
Oligocene, Miocene and Pliocene stratigraphic units with an important unconformity 
dated by its position in the stratigraphy, on the basis of the pattern of the seismic 
reflections, as being Late Miocene in age. These ages are approximate and are based 
upon published literature (Tull 1997; Lindquist 2000) and the stratigraphic data 
(Appendix II). 
The boundary that forms the top of the Miocene succession consists of a high-
amplitude, continuous reflection, which has a positive acoustic impedance contrast on to 
which the Pliocene succession onlaps (marked 1, Fig. 2.2). The stratal reflections of the 
Late Miocene succession are truncated at this boundary (marked 2, Fig. 2.2). This feature 
is interpreted to be a break in sedimentation and subsequent erosion that occurred during 
the Late Miocene, which marked a change in depositional setting from marine to deltaic 
(Tull 1997). This break in sedimentation also coincided with the propagation of the 
dextral strike-slip fault system northwards during the Late Miocene to Early Pliocene 
(Brettle & Bessa 2006). This break in sedimentation, together with erosion, led to the 
development of an unconformity during the Late Miocene. 
Currently the well data for the basin has not been released, but BP's own seismic 
stratigraphic interpretation, see Appendix II, indicates that there is an unconformity at 
this point in the succession, but the biostratigraphic data are not sufficient to indicate how 
long the period of erosion and non-deposition lasted. Throughout much of the seismically 
surveyed parts of the NSB the Pliocene succession unconformably overlies the Miocene 
succession, but there are instances where the successions are conformable, i.e. the 
unconformity becomes a correlative conformity. The Late Miocene unconformity is 
located approximately between <50-1000 m below the present day seabed. The 
lithologies present in the Miocene strata include diatomaceous organic-carbon rich 
siliceous mudrocks together with some sandstones, marls and cherts (TuB 1997; 
Lindquist 2000; Richie et al. 2006). Pliocene lithologies consist of deltaic sandstones and 
some mudstones with limited biosiliceous content (TullI997; Lindquist 2000). 
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Fig. 2.2: Sei mic line howing the Late Miocene unconformity clo e-up. (A) The 
overlying Pliocene deltaic ediment have an onlapping relation hip to the 
unconformity (I), while the top of the Miocene succession shows some minor 
evidence of erosional truncation (2). The unconfonnity reflection ha an irregular, 
erosive appearance (3), which truncate the underlying ediment. Note the parallel 
relation hip with the diagenetic boundarie . Thi eismic line also shows ome of the 
morphological feature of the diagenetic boundaries: errated pattern (4), cro -
cutting of stratigraphy (5), attached wings (6) and less well developed attached wings 
(7) - see Chapter 3. Al 0 note the faulting (8). (B) Another example of the diagenetic 
boundaries showing a parallel relationship to the Late Miocene unconformity. 
2.5 Diagenetic fronts: General characteristics 
The diagenetic front are not ob erved in the Cretaceou basement or in Oligocene-age 
sediments and where th ba ement forms fault block the boundaries terminate. The 
diagenetic boundarie are generally observed to cro -cut the Miocene ucces ion but the 
opal-A to opal- T front al 0 cro -cuts the Late Miocene Unconfolmity and passes into 
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the Pliocene succession (see section 2.7) in a few areas of the basin. The diagenetic 
boundaries are rarely parallel to the present day seabed. See Chapter 3 for a more detailed 
description of the morphology of the diagenetic fronts. 
There are two seismic boundaries separated by 300-400 m that cover an area of 
-107,000 km2, which form single high-amplitude, continuous seismic reflections (Fig. 
2.2). These boundaries have been interpreted to be opal-A to opal-CT and subsequent 
opal-CT to quartz transitions (Meadows & Davies 2007) and this has been confirmed by 
the four wells drilled in the area. Both reflections show a positive acoustic impedance 
contrast associated with the opal-A to opal-CT and opal-CT to quartz transitions. The 
opal-A to opal-CT and opal-CT to quartz boundaries are mostly parallel to each other, the 
exceptions being where the boundaries have been altered by the various types of frontal 
morphology (see Chapter 3). Regionally, the opal-A to opal-CT boundary occurs at -500-
1400 m and the opal-CT to quartz boundary occurs at -800-1900 m below the present 
day seabed. The shallowest occurrences are found in the near-shore parts of the NSB. BP 
well data indicate that the NSB has a geothermal gradient of 3S-40'C km'l. This 
corresponds to temperatures at the opal-A to opal-CT boundary of 17.S-49·C and to 
temperatures at the opal-CT to quartz boundary of 28-76'C (Table 2.1). The boundaries 
are mainly concordant with stratigraphy, but cross-cut deformed and inclined strata (see 
Chapter 3 and Fig. 2.2). 
Location A-CT A-CT CT-Qtz CT-Qtz Geothermal gradient 
Depth Temp Depth (m) TempeC) eC km· l ) 
(m) eC) 
Sakhalin 500 17.5 - 20 800 28-32 37.5 ±2.S 
(NSB) 
Sakhalin 800 28-32 1100 38.5 -44 37.5 ± 2.5 
(NSB) 
Sakhalin 1400 49-56 1900 66.5 -76 37.5 ±2.5 
(NSB) 
Table 2.1: Table showing the depths and temperatures associated with the silica 
diagenetic boundaries in the NSB. The depths of the boundaries were taken from the 
seismic data and the temperatures were calculated using the highest and lowest 
geothermal gradients from Table 1.2. 
The diagenetic fronts are rarely parallel to the seabed, unlike many other silica 
transitions (e.g. Rein et al. 1978). Instead in most areas they are parallel to the Late 
Miocene Unconformity (Figs. 2.1,2.2 and 2.3). Figure 2.3 also shows how the change in 
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poro ity of th sediment cau ed by the tran ition influence the inclination of the strata 
above and below the boundary. 
Fig. 2.3: Sei mic line howing the opal-A to opal-CT boundary (purple dotted line). 
Note that the boundary hows a high degree of parallelism to the Late Miocene 
unconformity (green da hed line) . Note that the inclination of the strata changes as 
they pas thJOugh the boundary (indicated by the solid black lines). The strata are 
more steeply inclined above the boundary than it is below the boundary. 
2.6 Parallel relationship of the diagenetic boundaries to the Late Miocene 
unconformity 
Over - 80% of the area covered by the ilica diagenetic boundaries, which cover an area 
of - 1 07000 km2 show a high degree of parallelism with the Late Miocene unconformity 
(Figs. 2.1, 2.2 and 2.3). The parallel relationship with the unconformity extends to both 
the opal-A to opal-CT and opal-CT to quartz diagenetic boundaries. The opal-A to opal-
CT boundary is located - 300-400 m below the unconformity, while the opal-CT to quartz 
boundary is -600-800 m below. The examples in figures 2.1 , 2.2 and 2.3 show that there 
is a close match between the geometry and position of the Late Miocene unconformity 
and that of the silica diagenetic boundaries. Where there are high in the Late Miocene 
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unconformity there are also highs in the position of the silica diagenetic boundaries; 
conversely lows in the position of the unconformity are matched by lows in the 
diagenetic boundaries (Figs. 2.1,2.2 and 2.3). The minor discrepancies between the shape 
and position are mostly due to features related to the differential advancement of the 
diagenetic boundaries (see Meadows & Davies 2007 and Chapter 3). This parallelism 
suggests a relationship between the unconformity and the formation of the boundaries. 
2.7 Non-parallel relationship of the diagenetic boundaries to the Late Miocene 
unconformity 
There are some exceptions to this parallel relationship usually where compressional 
deformation has affected the host strata. In figure 2.4A the opal-A to opal-CT boundary is 
hosted in the Pliocene syn-compressional fill of a syncline (marked 1, Fig. 2.4A) and 
cross-cuts the Late Miocene unconformity (marked 2, Fig. 2.4A). In figure 2.48 the 
boundaries are not parallel to the deformed unconformity and cross-cut the Pliocene age 
folding of the strata (marked 3, Fig. 2.48). In figure 2.48 the boundaries appear to be 
parallel to another stratigraphic horizon (green-grey dashed line, Fig. 2.48). This horizon 
is probably Mid-Late Pliocene in age. In figure 2.4C the diagenetic boundaries cross-cut 
anticlinal folding of the strata, which it is only slightly affected by (marked 4, Fig. 2.4C). 
Where there is a low in the Late Miocene unconformity (marked 5, Fig. 2.4C) the 
diagenetic boundaries do not maintain a parallel relationship with that stratigraphic 
horizon. However, where the parallel relationship with the Late Miocene unconformity 
does not occur, the diagenetic boundaries are not parallel to the present day seabed. 
Fig. 2.4 (next page): Seismic lines showing examples where the silica diagenetic 
boundaries lose their parallel relationship with the Late Miocene unconformity. (A) 
Folding has allowed syn-compressional upward migration of the boundaries within the 
trough of a syncline (1). The opal-A to opal-CT boundary has advanced into the 
Pliocene syn-compressional fill above the unconformity, cross-cutting the limbs of the 
syncline (2). Note that the boundaries largely retain their parallel relationship with the 
unconformity within the crests of the anticlines. (B) The silica diagenetic boundaries 
are not parallel to the deformed Late Miocene unconformity, but cross-cut the 
Pliocene-age folding (3) of the Miocene strata. The boundaries appear to be parallel to 
another stratigraphic horizon (grey-green dashed line), which is probably Middle to 
Late Pliocene in age and undeformed. (C) Another example where the diagenetic 
boundaries are no longer parallel to the Late Miocene unconformity. 
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2.8 Interpretation: Diagenetic boundaries and the Late Miocene unconformity 
2.B.1 Geothermal gradient 
The geothennal gradient is based upon BHT data from the wells covering an area of more 
than 10000 km2• The wells either show a minimum value of 35'C km-I or a maximum 
geothennal gradient of 40'C km-1 (Table 1.2). Given the narrow range of the values for 
the geothennal gradient and the significant distances between the wells it can be assumed 
that the values for the geothennal gradient are, spatially, approximately constant across 
the basin. 
2.8.2 Parallel relationship 
The development of a parallel relationship between the diagenetic boundaries and the 
unconfonnity could be due to two reasons: (1) the diagenetic boundaries are within 
suitable siliceous lithologies where the reaction is more likely to be initiated, which 
develop at the depth of conversion parallel to and are of the same age (Le. Late Miocene) 
as the Late Miocene unconfonnity; or (2) the diagenetic boundaries are following palaeo-
isothenns that are parallel to the Late Miocene palaeo-seabed. 
It is unlikely that following suitable lithologies of the same age is the reason 
responsible for the parallel relationship between the diagenetic boundaries and the Late 
Miocene unconfonnity. The main basis for this is that the diagenetic boundaries can 
cross-cut tens of metres of the stratigraphy (Fig. 2.2), hence are independent of host rock 
age and of being hosted within specific lithological boundaries. Also there are examples 
of where the diagenetic boundaries are not parallel to the unconfonnity, which means that 
boundaries are not of the same age throughout the NSB (Le. Late Miocene). 
Given that the present day geothennal gradient does not vary around the basin, the 
assumption could be made that since the tectonic regime has not changed since the Early 
Tertiary (Worrall et al. 1996; Weaver et al. 2004), the Late Miocene geothennal gradient 
also did not vary significantly around the basin, although the gradient could have been 
different. The silica diagenetic boundaries are primarily controlled by temperature (e.g. 
Hesse 1990), so the boundaries should fonn at the depths corresponding to the isothenns 
that match the temperature of conversion for each of the reactions. Hence the most 
probable and simplest reason for the parallel relationship of the diagenetic boundaries 
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with the Late Miocene unconformity results from the diagenetic boundaries following an 
isotherm parallel to the Late Miocene seabed. The diagenetic boundaries are rarely 
parallel to the present day seabed, but may represent palaeo-isotherms that are parallel to 
the Late Miocene palaeo-seabed. 
2.8.3 Non-parallel relationship 
In some parts of the basin the diagenetic boundaries are not parallel to the Late Miocene 
unconformity. Where this relationship occurs the boundaries are not parallel to the 
present day seabed either; therefore it can be proposed that they are not following present 
day isotherms. In these examples the boundaries can be parallel to Pliocene stratigraphy 
(e.g. Fig. 2.4B). Therefore the boundaries may be following palaeo-isotherms parallel to 
a palaeo-seabed that is Pliocene in age. 
This could have several explanations, which relate to the timing and mechanisms 
that affect the rate of conversion at the diagenetic boundaries. This suggests that there 
could be a more fundamental relationship between diagenetic boundary equilibrium and 
the prevailing lithological and geothermal conditions. It is important to note that the opal-
CT to quartz boundary is parallel to the opal-A to opal-CT boundary, this probably 
indicates that changes to the rate of conversion at the diagenetic boundaries occurred at 
the same time. These transitions would have different reaction kinetics, but they have 
been affected by the same event or factors. 
2.9 Explanation for the stratigraphic position of the diagenetic boundaries 
2.9.1 Palaeo-isothermal diagenetic boundaries 
It has been observed that conversion in the NSB occurs at different depths and therefore 
temperatures (Table 2.1), based upon the overall geothermal gradient of the NSB. There 
is no identifiable systematic pattern to the changes in diagenetic boundary depths across 
the basin, i.e. the deviations in the depths of the boundaries do not relate to the basin 
geometry, such as the seafloor bathymetry or variations in the height of the basement. For 
example, the diagenetic boundaries in the NSB, especially large-scale boundary 
morphologies such as multi-kilometre scale depressions, have previously been identified 
as being independent of the effects of highs in the baseme~t (see Meadows & Davies 
2007). It is also unlikely that variations in seafloor temperatures, which would only vary 
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very slightly, would have a significant influence on the positions of the diagenetic 
boundaries. Assuming that temperature is the principal factor controlling conversion and 
that the isotherms are parallel to the contemporaneous seabed, one would expect the 
boundaries to occur at similar depths across the basin. Therefore, at least in the present 
day NSB, it can be proposed that the diagenetic boundaries are not present day isothermal 
boundaries. These are termed palaeo-isothermal boundaries. 
2.9.2 Influences on the rate of conversion 
Mizutani (1970) related the rate of conversion at the silica diagenetic boundaries to a 
dependence on temperature. However, Williams et al. (1985) suggested that temperature, 
together with other physical parameters, may not be as important as previously thought in 
the process of silica diagenetic alteration. The relationship between solubility and surface 
area or particle size (Le. lithologic effects) would be sufficient to explain simple opal-A 
to opal-CT to quartz transformations (Williams et al. 1985). If this is the case then the 
diagenetic boundaries do not necessarily represent some single maximum temperature, 
but instead represent a cumulative time/temperature threshold. The primary effect of 
temperature may be simply to increase the rates of reaction, allowing transformations to 
occur earlier than they otherwise would. For example, the Monterey Formation is still 
diatomaceous in many areas and has only undergone transformation where it has been 
buried to sufficient depths for temperature to act to increase the rate of dissolution and 
reprecipitation (e.g. Keller & Isaacs 1985). If the kinetic view of Williams et al. (1985) is 
correct it would mean that the overall temperature history, in conjunction with lithologic 
effects, and not just the maximum palaeo-temperature will determine the position of the 
diagenetic boundaries within the strata. 
2.9.3 Mechanisms for palaeo-isothermal behaviour 
This chapter outlines four possible mechanisms that could cause a change in the relative 
rate of conversion at the diagenetic fronts, which will affect the stratigraphic position of 
the boundaries and their development into palaeo-isothermal boundaries (Fig. 2.5). These 
mechanisms are (1) a decrease in temperature, e.g. caused by a declining geothermal 
gradient, which would cause the rate of conversion to slow; (2) a decreasing burial rate, 
which causes the rate of conversion to decrease; (3) erosion of the overburden, which 
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would produce a similar effect to a decrease in temperature and a decreasing burial rate; 
and (4) change in the rate of conversion hence the rate the front advances due to the 
physico-chemical factors varying in the strata, such as variations in lithology. 
A decrease in temperature (Fig. 2.5B), such as through a declining geothermal 
gradient, would cause a reduction in the rate of conversion at the diagenetic boundary. A 
decrease in temperature would leave the boundaries at depths no longer corresponding to 
the temperatures required for conversion, i.e. the DOC (depth of conversion) would be 
deeper in already converted sediment. This rapid reduction in the rate of conversion 
would leave the boundaries following palaeo-isotherms parallel to the palaeo-seabed 
prior to the reduction in temperature. A rapid decrease in the burial rate (Fig. 2.5C) will 
result in the strata not being buried and subsiding through the DOC as fast as before. This 
means the diagenetic boundaries would rapidly slow their upward migration through the 
subsiding strata, resulting in a significant decrease in the rate of conversion. This 
decrease in the rate of conversion could be significant enough to cause the diagenetic 
boundaries to no longer maintain a parallel relationship to the present day seabed and to 
follow the palaeo-seabed prior to the decrease in burial rate (Fig. 2.5C). Erosion of the 
overburden (Fig. 2.50) would result in a decrease in the rate of conversion as removal of 
the overlying sediment results in deeper DOCs, in a similar· way to a decrease in 
temperature. Varying physico-chemical factors, such as the silica content of the sediment 
can also have an effect on the rate of conversion (Fig. 2.5E). These factors may be more 
important than the effect of temperature (e.g. Williams et al. 1985) over localised rather 
than basinal distances. For example, strata with a high silica content will cause the rate of 
conversion to increase, although this will not result in palaeo-isothermal boundaries as 
the high rate of conversion would enable the boundaries to follow isotherms parallel to 
the present day seabed. However, a low silica content in the sediment will inhibit the rate 
of conversion meaning the boundaries would no longer be able to follow isotherms 
parallel to the contemporaneous seabed, but become palaeo-isotherms that could be 
parallel to a palaeo-seabed. 
However, without evidence of the precise conditions operating in a basin it is not 
possible to tell if one of the above mechanisms is dominant or whether it is a combination 
of the mechanisms that is responsible for the relative decrease in the rate of conversion 
and to the development of palaeo-isothermal boundaries. It would also require the strata 
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Fig. 2.5: Schematic diagram showing the va rious mechani m that could lead to 
the development of palaeo-isothermal diagenetic boundaries. (A) Diagenetic 
boundary is in equilibrium with the prevailing conditions within the basin and 
develops as an isothermal boundary. (B) Declining geothermal gradient leads to a 
decrease in the rate of conver ion . (C) A rapid decline in burial rate cause the rate 
of conversion to decrea c. (D) rosion of the overburden lead to a decrease in the 
temperature at the boundary, hence to a decrease in the rate of conversion. (E) A 
change in the physico-chemical conditions within the trata leads to a change in the 
rate of conversion. 
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and boundaries to be defonned or the sediment deposited above the boundaries not to be 
parallel to them to produce a discernible breakdown in a parallel relationship on seismic 
data. Using some of the above mechanisms, together with observations from seismic data 
and knowledge of the geological history of the basin, a model for the development of 
palaeo-isothennal diagenetic boundaries in the NSB is outlined below. 
2.10 Model for the development of palaeo-isothermal boundaries in the NSB 
The model in figure 2.6 shows the timing and mechanisms that could have led to the 
development of the palaeo-isothennal behaviour of the silica diagenetic boundaries in 
relation to other events. Burial of diatomaceous sediments to the DOC, during the Mid-
Miocene, enables the diagenetic reactions to occur. This results in the fonnation of the 
diagenetic boundaries (Fig. 2.6A). 
The silica diagenetic boundaries follow isothenns parallel to the Late Miocene 
seabed (Fig. 2.6B). A subsequent decrease in the rate of conversion, probably due to a 
decrease in temperature, leads to the development of palaeo-i sot henna I boundaries. There 
is no supporting temperature data to indicate whether there was a decline in the 
geothennal gradient or how much this possible decline in temperature could have been. 
Subsequent minor erosion of the Late Miocene seabed and deposition of Pliocene deltaic 
sediments leads to the fonnation of the Late Miocene unconfonnity, which represents the 
position of the Late Miocene seabed. The boundaries represent palaeo-isothenns as they 
are unable to maintain a high enough rate of conversion to follow Pliocene isothenns and 
be parallel to the Pliocene seabed (Fig. 2.6C). 
During the Pliocene there were localised breakdowns in the parallel relationship 
between the diagenetic boundaries and the Late Miocene unconfonnity. This probably 
depends upon localised physico-chemical conditions, such as the concentration of silica 
in the sediment, or localised variations in heat flow which varied the rate of conversion at 
that point relative to other parts of the boundaries. This enables a high enough rate of 
conversion to continue in isolated areas (Fig. 2.6C), which results in these areas 
following Pliocene isothenns parallel to the Pliocene seabed. 
During the Mid-Late Pliocene (Fig. 2.6D), defonnation resulted in uplift and NW-
SE trending folding of the strata, including the Late Miocene unconformity. Pliocene 
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Fig. 2.6: Model showing the development of the silica diagenetic boundaries relative 
to other events, See text in the figure for futther explanation. 
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sedimentation continued as syn-compressional fill in synclines (Fig. 2.60). Syn-
compressional upward migration of the diagenetic boundaries occurred within the troughs 
of the synclines (Figs. 2.4A and 2.6D), because the boundaries have been folded below 
the DOC meaning the rate of conversion increases relative to surrounding parts of the 
boundary to allow that part of the boundary to migrate upwards. This provides an 
alternative mechanism for the breakdown in the parallel relationship of the diagenetic 
boundaries with the Late Miocene unconformity. The boundaries remain largely parallel 
to the Late Miocene unconformity where the strata are anticlinally folded and the rate of 
conversion remains low (Fig. 2.6D). 
It can be concluded that all active conversion ceased after the Late Pliocene 
probably due to a combination of uplift and a declining geothermal gradient leading to a 
decrease in the rate of conversion across the entire NSB (Fig. 2.60). Evidence for the 
final cessation of active silica diagenesis is shown in figure 2.4B where the boundaries 
are not parallel to the deformed Late Miocene unconformity, but parallel to another 
younger stratigraphic horizon (green-grey dashed line, Fig. 2.4B), which is post-
deformational and probably Mid to Late Pliocene in age. This horizon was probably 
deposited soon after the episode of deformation ended, as there was still time for the rate 
of conversion at certain isolated parts of the boundaries to follow Mid to Late Pliocene 
isotherms, hence parallelism with the Mid to Late Pliocene seabed. 
This model explains why most of the boundaries remain parallel to the Late 
Miocene unconformity, but with some isolated parts of the boundaries not parallel to the 
unconformity. It also explains why no parts of the boundaries are parallel to the present 
day seabed, except where the Miocene and Pliocene strata, including the diagenetic 
boundaries, are undeformed; hence remaining parallel to the seabed. To fully test which 
is the most important factor in determining why the diagenetic boundaries are not present 
day isotherms, temperature data, such as vitrinite reflectance and AFTA, would be 
needed. This temperature data combined with a detailed study of borehole data and 
sedimentation rates for the strata above and just below the boundaries would be required 
to determine the possible mechanisms for palaeo-isothermal diagenetic boundaries more 
precisely. 
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2.11 Discussion 
2.11.1 Implicationsfor hydrocarbon exploration 
There are several examples of where the silica diagenetic boundaries are parallel to the 
seabed and are thought to be isotherms that could be used as present day or palaeo-
temperature markers within a basin (e.g. Hein et al. 1978; Nobes et al. 1992a; Davies & 
Cartwright 2002; Lee et al. 2003). Hein et al. (1978) suggested that the opal-A to opal-
CT boundary, which is parallel to the present day seabed in the Bering Sea, is a time 
transgressive boundary and not hosted by a lithology of a single age. This boundary may 
mark an isotherm related to the depth of burial and the local geothermal gradient (i.e. the 
temperature recorded is that required to transform the opal-A to opal-CT in the area). 
Hein et al. (1978) noted that the diagenetic boundary moved up-section keeping pace 
with the upward migrating thermal boundary during ongoing burial, hence the opal-A to 
opal-CT boundary should remain at a sub-bottom depth of 550-650 m. Therefore, as long 
as the silica diagenetic boundaries remain in equilibrium with the prevailing conditions 
they will develop as isothermal boundaries parallel to the present day seabed. Hence, 
such isothermal boundaries could be used in basin analysis as temperature markers (i.e. 
the temperature of conversion) from which the geothermal gradient could be calculated. 
However, if the rate of conversion is affected by changes in conditions within the basin, 
then boundaries are no longer in equilibrium with the thermal conditions and will cease to 
be isotherms parallel to the present day seabed. This is the case in the NSB and in the 
Faeroe-Shetland Basin (see Davies & Cartwright 2002) where the boundaries appear to 
be palaeo-isotherms parallel to a palaeo-seabed. In this situation the boundaries could not 
be used as present day temperature markers as the position of the boundaries in the strata 
would no longer correspond to the original temperature of conversion. Therefore, the use 
of silica diagenetic boundaries as temperature markers is highly dependent on their 
identification as present day isotherms or palaeo-isotherms. For example, in the Voring 
and More Basins the opal-A to opal-CT boundary is parallel to a Pliocene unconformity 
(Brekke et al. 1999); hence the boundary would not be a present day isotherm and could 
not be used as a temperature indicator within these basins~ However, in those basins the 
opal-A to opal-CT boundary has been considered as an absolute thermal marker 
indicating the maximum temperature reached during burial (Brekke et al. 1999; Brekke 
2002). The opal-A to opal-CT boundaries in those basins would no longer correspond to 
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the temperature it originally formed at, but would be a palaeo-isotherm parallel to the 
Pliocene palaeo-seabed. Therefore, any attempt to determine the thermal maturity of such 
basins using the opal-A to opal-CT boundary as a present day isothermal marker would 
lead to significant errors and could result in potential source rocks being categorised as 
under or overmature and entire basins possibly being written off as potential hydrocarbon 
reserves. Diagenetic boundaries could be useful temperature indicators, especially in 
Arctic exploration, if given enough time to acquire equilibrium with the prevailing 
conditions in a basin, but they are easily disrupted by changing conditions and become 
palaeo-isotherms as shown by the parallel relationship of some boundaries to 
unconformities. 
2.11.2 Remaining questions and uncertainties 
Most of the mechanisms for the formation of parallel relationships of the diagenetic 
boundaries with specific stratigraphic horizons other than the seabed remain speCUlative 
in the absence of additional detailed borehole data. Hence, with respect to the NSB and 
many other basins where these palaeo-isothermal diagenetic boundaries have been 
observed, multiple scientific drilling, sampling and examination of such phenomena 
would be required. 
2.12 Conclusions 
Through seismic stratigraphic analysis it is found that the silica diagenetic boundaries in 
the NSB show a high degree of parallelism to the Late Miocene unconformity and are not 
parallel to the present day seabed and probably represent palaeo-isotherms parallel to the 
Late Miocene seabed. It can be concluded that diagenetic boundaries that are not parallel 
to the seabed do not make good present day isothermal markers, but have the potential to 
be used as palaeo-isotherms. The tendency for the diagenetic boundaries to track an 
unconformity has been identified in other basins and indicates that the boundaries do not 
make suitable present day isotherms and therefore should be treated with caution in 
exploration campaigns. The reasons why some silica diagenetic boundaries develop 
parallel relationships with certain stratigraphic horizons, such as unconformities, and 
cease to be present day isotherms are poorly understood. However, the diagenetic 
44 
Chapter 2: Stratigraphic position of the diagenetic boundaries 
boundaries could probably be used as present day thermal markers as long as the depth of 
the boundary below the present day seabed and the geothermal gradient are known. 
There are four possible mechanisms that could be responsible for the present day 
palaeo-isothermal behaviour of diagenetic boundaries, which cause changes in the rate of 
conversion (see section 2.9.3). The four mechanisms are (1) temperature decrease, such 
as a declining geothermal gradient, which will cause the rate of conversion to slow; (2) 
decreasing burial rate with respect to the rate of conversion; (3) erosion of the 
overburden; and (4) a change in the rate of conversion as a result of variation in the 
physico-chemical factors influencing the silica diagenetic reactions. These mechanisms 
are not exclusive and, therefore, it is possible that they work in combination with each 
other to produce palaeo-isothermal diagenetic boundaries. 
The possible explanation for the development of palaeo-isothermal boundaries in 
the NSB relies upon the silica diagenetic boundaries forming during the Middle to Late 
Miocene. These boundaries develop following isotherms parallel to the Late Miocene 
seabed, which subsequently becomes the Late Miocene unconformity. During the Early 
Pliocene there is a dramatic reduction in the rate of conversion at the boundaries. This is 
most likely due to a decreasing geothermal gradient. The boundaries represent palaeo-
isotherms as they are unable to maintain a high enough rate of conversion to follow 
Pliocene isotherms and be parallel to the Pliocene seabed. During the Pliocene there were 
localised breakdowns in the parallel relationship between the diagenetic boundaries and 
the Late Miocene unconformity. This results from variations in the rate of conversion at 
points along the boundaries. This enables a high enough rate of conversion to be 
maintained in isolated areas. All active conversion ceases by the Mid-Late Pliocene 
meaning the rate of conversion is not high enough for any parts of the diagenetic 
boundaries to follow isotherms parallel to the present day seabed. 
However, due to a lack of supporting evidence, such as well data, for basins 
where the diagenetic boundaries exhibit palaeo-isothermal behaviour means that the 
mechanisms proposed remain speculative. The precise mechanisms for this phenomenon 
will be specific for each basin studied and the explanations given here are only the most 
likely possibilities. Much more research is required in this area in order to more 
specifically identify the causes behind palaeo-isothermal diagenetic boundaries. The 
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reasons for this phenomenon could be of importance for hydrocarbon exploration in 
terms of increased knowledge of basin evolution and the conditions within basins. 
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Basin - Morphological Development of Basin-Scale Silica Diagenetic 
Fronts 
3.1 Introduction 
The opal-A to opal-CT conversion usually occurs within the first 1000 m of burial and 
changes the sediments' physical properties, such as acoustic velocity and density (e.g. 
Guerin & Goldberg 1996). This conversion is commonly recognised on seismic reflection 
data. Opal-CT is subsequently converted to quartz and this can also give rise to a seismic 
reflection, albeit generally less obvious on seismic data. Therefore, these silica transition 
boundaries (herein termed 'diagenetic fronts or boundaries') can often be imaged with 
seismic reflection data and mapped over areas of up to 105 km2• Recent research has 
found that diagenetic fronts can develop complex and variable 3D forms (e.g. Davies 
2005). But little is known about how diagenetic fronts advance at kilometre- to basin-
scale and the role and interplay between chemical and physical processes (e.g. 
hydro fracturing) is uncertain. 
The aim of this chapter is to describe an array of new and recently described opal-
A to opal-CT diagenetic front geometries as well as the first descriptions of an opal-CT to 
quartz boundary using seismic reflection data from offshore Sakhalin, far eastern Russia. 
Objective criteria for the cross-sectional recognition of the variety of morphological 
forms are defined to allow for a standard categorisation of frontal geometries in different 
sedimentary basins worldwide. The chapter then explores the potential linked chemical 
and physical processes that could account for the formation of the geometries, in order to 
further our understanding of the controls on large-scale diagenetic front advancement. 
The diagenetic boundaries identified within the North Sakhalin Basin (NSB) have 
different morphologies from those previously described in other basins, such as the 
Faeroe-Shetland Basin (e.g. Davies 2005). The key features between the two contrasting 
sets of morphologies are compared and contrasted in order to gain a greater 
understanding of the mechanisms of conversion and advancement of the diagenetic 
boundaries. 
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3.2 Geological setting and database 
The seismic database used in this chapter and the geological setting of the NSB are 
described in detail in Chapters 1.6 and 1.7 respectively. 
3.3 Diagenetic fronts: General characteristics 
Two seismic boundaries have been identified that are separated by 300-400 m, which 
cover an area of -107,000 km2 and form single high-amplitude, continuous seismic 
reflections (Fig. 3.1). The interpretation of the boundaries as silica transitions is 
supported by the positive polarity and high amplitude of the two reflections (Fig. 3.1A), 
which is consistent with them being diagenetic boundaries where density and acoustic 
velocity increase. The opal-CT to quartz boundary is generally of lower amplitude than 
the opal-A to opal-CT boundary (Fig. 3.1A). The polarity of the diagenetic boundaries is 
identical to those of the seabed and the Late Miocene unconformity. The upper reflection 
is also very similar to an opal-A to opal-CT boundary in the Faeroe-Shetland Basin 
proven by drilling (e.g. Davies & Cartwright 2002). Therefore in the remainder of this 
chapter the upper seismic reflection is termed the opal-A to opal-CT boundary and the 
lower reflection is termed the opal-CT to quartz boundary. 
The boundaries are generally parallel to each other, with only localised variations 
in this relationship. Regionally, the opal-A to opal-CT boundary occurs at -500-1400 m 
and the opal-CT to quartz boundary occurs at -800-1900 m below the present day 
seabed. The shallowest occurrences relative to the seabed are found along the margins 
and in the near-shore parts of the NSB. The fronts are mainly concordant with 
stratigraphy, but cross-cut deformed and inclined strata (marked 1, Fig. 3.1A). 
In most areas of the basin the diagenetic fronts are parallel to the Late Miocene 
Unconformity (Fig. 3.1A and Chapter 2.6). The reflections are mainly concordant with 
stratigraphy, but cross-cut deformed and inclined strata (Fig. 3.1). The diagenetic 
reflections are mostly observed to cross-cut the Miocene succession, but the opal-A to 
opal-CT boundary in a few examples cross-cuts the Late Miocene unconformity and 
passes through the Pliocene succession (see Chapter 2). Lastly, the diagenetic fronts are 
not obvious on all2D seismic lines and on others they only occur across part of the line. 
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Fig. 3.1: (A) Seismic line showing the characteristics of the silica diagenetic fronts. 
(1) Cross-cutting of inclined strata; (2) Planar fronts; (3) Serrated pattern; (4) 
Attached wing. (8) Close-up of a serrated pattern in the opal-A to opal-CT front. 
Note the ' aw-tooth ' hape of the front as it cro s-cuts inclined stratigraphy. (C) 
Close-up of an attached wing in the opal-A to opal-CT front. Note the concave shape 
and the upward tapering edges of the feature. Also note the differential ubsidence 
(5) of the wing's centre and of the overlying sediment. 
3.4 Diagenetic front morphologies 
This thesis has adopted some of the nomenclature proposed by Davie & Cartwright 
(2002) and Davies (2005) and expands upon it, describing and providing objective 
criteria for the recognition of several new morphological features. These morphological 
features are almost always better developed on the opal-A to opal-CT from than on the 
opal-CT to quartz front. The following description starts by describing the simplest front 
morphologies before analysing the more complex forms. The cross-sectional geometry of 
host strata above and below the diagenetic front and the cross-sectional f0l111 of the front 
allows for a simple and objective nomenclature to be proposed for the NSB example. In 
order for this classification to be useful and objective a simple recognition criteria has 
been devised. Eight categories are defined here (Fig. 3.2) but it is reasonable to expect 
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this to be fUlt her deve loped by seismic imagi ng of other sed imentary bas ins where opa l-
A-rich sed iments ha e accumul ated. 
(Al Planar front (8 
2 
-
1. i6 
O.5km 
- -
ometre scale dep 
2km 2km 2km 
- -
Fig. 3.2: Schematic di agram summari s ing the key se ismic attribute o f the va ri ous 
morpho logica l features (A-I ). ( I) Lack of fronta l re li ef; (2) T rack strati graphy; (3) 
Pseudo-antiform; (4) P eudo- ynfo rm ; (5) Front is parall e l to a hi gher strata l 
refl ecti on; (6) Up-dip 'saw-tooth ' patte rn of front a it e ros -cuts inc lined 
strati graph y; (7) Base attached to main diagenetic front; (8) Concave-upward shape 
w ith taperin g margins; (9) Flat to dom e shape; ( 10) Base detached fro m ma in 
diagenetic front; ( I I ) Sli ght concave-upward to elongate shap ; (1 2) TelTace; (1 3) 
Gentle anti forma l fo lding; ( 14) Downward fl exure of overl y ing sediment. 
3.4.1 Distribution of diagenetic/i·ont /1/Olphologies 
The frontal morpho logies a ociated w ith the silica di ageneti bound ari e occur 
throughout the bas in fill w here the e boundarie have been identifi ed . However, the 
morphologies are more commonl y developed a long the ea tern most margin o f the NSB 
(Fig. 1.9), i. e. the more distal and deeper marine areas. Multi-kilometre ca le depre Ions 
and elevat io ns (see below) are a lmo t exclus ively fo nned in thi s area of the ba in . 
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3.4.2 Plunarjrol1ts (Fig. 3.2A) 
Planar fronts are reaturele s region of the diagenetic fronts that are located between 
other morphologica l features (marked 2, Fig. 3.1 A). They can be planar over multi-
kilometre distances. They can be parallel to stratigraphy, but can al 0 have a planar 
geo metry where they cro -CLlt trata l reflections. 
3.4.3 Apparent/olding o/the diagenetic/ranls (Fig. 3.2B) 
At a regional sca le, the diagenetic fronts take the form of a series of antiform and 
synforms. The e undulations in the diagenetic front are coincident with folds that are 
clearly of tectonic oligin. Synform in diagenetic fronts are coincident with ynclines in 
the tectonic folds and antiform in the front are coincident with anticlines in the tectonic 
folds (Fig. 3.3A). The ' folds ' in the front have an amplitude of 20-50 m versu the 
amp litude of the folded trata of 50-150 m. The amplitude of the fold ing in the diagenetic 
front ranges from 25 to 45% that of the tectonic folding. On ei mic line where 
synfOlmal and antiformaJ undulations in the diagenetic fronts occur the fronts are al 0 
parallel to the Late Miocene unconformity. 
Fig. 3.3: (A) Seismic line showing apparent folding of the front and an example of a 
multi-tiered detached wing that ha formed in the trough of a syncline ( I) that has 
been cro -cut by the opal-A to opal-CT boundary. Also note the Late Miocene 
unconformity (green da hed line) ' drapes' the deformed Miocene trata and that the 
apparent folding of the diagenetic front tracks the unconformity. (8) Close-up of the 
multi-tiered detached wing. T J = tier I , T2= tier 2 T3= tier 3 and CP= central peak. 
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3.4.4 Serrated pattern (Fig. 3.2C) 
These are asymmetrical saw-tooth to stair-step patterns that only occur where the 
diagenetic fronts cross-cut inclined and deformed stratigraphy (marked 3, Fig. 3.lA and 
Fig. 3.1 B). The 'teeth' are between 10 and 50 m in height. Their angle is the same as the 
inclination of the strata that the front cross-cuts. The width of the serrated patterns is 
equal to the lateral extent of inclined strata that the fronts pass through. Similar features 
have been described previously by Davies & Cartwright (2002) and Davies (2005). 
3.4.5 Wings (Fig. 3.2D, E and F) 
Wings are concave-upwards to elongate features in cross-sectional view. Two types of 
wings have been identified: attached and detached wings. They are differentiated by 
shape, size and their spatial relationship to the main diagenetic front above which they 
form. 
Attached wings (Fig. 3.2D) are flat to concave-upward forms, with margins or 
'wings' that point away upward from the main front. The bases of these wings are 
attached to the main front. Attached wings are commonly up to - OJ - 0.8 km in length. 
The concave-upward forms only occur on the opal-A to opal-CT front (marked 4, Fig. 
3.1A and Fig. 3.1C). The flat, less well developed, form can occur on both fronts, but 
generally lack the wings. 
Detached wings (Fig. 3.2E and F) are sharp jumps in the diagenetic front that 
have slight concave-upward and elongate cross-sectional profiles. This type of wing can 
be composed of up to three progressively smaller stacked reflections which are termed 
tiers (Fig. 3.3). Detached wings are distinct from attached wings as they form regions 
where the front becomes elevated and detached from the main front. Detached wings are 
generally larger in size - but not always - and less concave in shape than attached wings 
(Fig. 3.4). Single-tiered detached wings (Fig. 3.4) appear to be larger versions of attached 
wings that have separated from the main front. Multi-tiered detached wings (Fig. 3.3B) in 
this study tend to form in the troughs of synclines (marked 1, Fig. 3.3A). The highest tier 
of a detached wing can show evidence for a central peak, which marks the highest level 
of advancement of the feature and diagenetic front (marked CP, Fig. 3.3B). Detached 
wings are normally between 0.8-2 km in length. 
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3.4.6 Terraces (Fig. 3.2G) 
These are regions of the diagenetic front that have stair-step cross-sectional profiles. 
Terraces are distinguished from serrated patterns as terraces form on the margins of 
larger morphological features (Figs. 3.4 and 3.5). For example, Davies (2005) identified 
terraces that formed on the margins of elevated regions of the front that formed a ridge 
network. This term is applied in the same way here. Terraces are generally 0.25-1 km in 
length. Wings and terraces are phenomena that generally occur at scales of ~ 2 km. 
3.4.7 Multi-kilometre scale depressions (Fig. 3.2H) 
The diagenetic front forms a trough-like feature (marked 1, Fig. 3.4) that has terraced 
margins (marked 2, Fig. 3.4) extending into the depression (marked 3, Fig. 3.4). The 
depressions are between 3-5 krn in width and 150-250 m in depth. In many cases the 
depression in the opal-A to opal-CT diagenetic front is deep enough for it to almost 
merge with the opal-CT to quartz front, which shows no evidence of downward 
deflection. Where depressions are identified the stratigraphy above the depressed 
diagenetic front shows evidence for a gentle antiformal fold (marked 4, Fig. 3.4). No 
depressions have so far been identified along the opal-CT to quartz boundary. 
3.4.8 Multi-kilometre scale elevations (Fig. 3.21) 
Elevations in the diagenetic front are multi-kilometre scale regions of the front that have 
preferentially advanced upwards relative to the surrounding regions of the front (marked 
1, Fig. 3.5). They form arch shapes that cross-cut stratigraphy, hence forming an area of 
converted sediment in younger stratigraphy. Stratal reflections extend from the outer 
margins of the elevations producing terraces (marked 2, Fig. 3.5). The examples that have 
been identified are '" 4-5 km wide and 50-150 m in height. Where elevations are 
identified the stratigraphy above the elevated diagenetic front shows evidence for a gentle 
synformal fold (marked 3, Fig. 3.5). The opal-CT to quartz boundary does not show the 
same upward deflection. 
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Fig. 3.4: Sei mic line howing an example of a multi-kilometre cale depression in the 
opal-A to opal-CT front (I). The depression ha terraced margin (2), which can form 
discontinuous, high-amplitude reflection that extend from the main diagenetic front 
(3). ote that the trata abo e the depre sion forms an antifonnal fold (4). ote how 
the opal-CT to qual1z boundary ha almost merged with the opal-A to opal- T 
boundary - the opal-CT to quartz boundary is not clear in this image, but the boundary 
can be traced with accuracy both ides of this scr enshot. The opal-A to opal-CT 
boundary al 0 show an example of a ingle-tiered detached wing. 
3.5 Evolution of front morphology 
Seismic tuning is occurring at reflection discordances but it cannot account for the 
geometries of the variou morphologie observed. Thi is because the feature identified 
are larger in size than the re olution of the data, which is ~ 10m, hence they are not 
artefacts created by the acquisition and processing of the data. Although sei mic tuning 
may playa role in the ei mic amplitude observed in regions where wings, terrace and 
sen·ated patterns fOlID, the e features are considered to be real and not ei mic a11 fact . 
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The concentration of the 
frontal morphologies 111 the 
eastern margin of the basin is 
probably due to the influence of 
detrital mineral content. This part 
of the basin is more distal from 
the possible detrital source areas, 
i.e. onshore Sakhalin. This means 
the diatom ooze would form a 
greater component of the 
sediment in the distal areas of the 
basin, leading to the sediment 
having a higher silica content. 
Sediment with a high silica 
content converts earlier than 
sediment with an increased 
Fig. 3.5: Seismic line showing an example of a detrital component (Isaac 1981), 
multi-kilometre scale elevation (I) in the opal-A to 
opal-CT front. The elevation has teITaced margins but silica-rich sediment might 
(2) that extend from the main diagenetic front. also allow greater potential for 
Note the downward flexure of the sediments above 
the elevation (3). the vanous morphologies to 
develop. Another explanation is that the diagenetic fronts and their associated 
morphologies are better imaged in the eastern pal1 of the basin . 
It is apparent from the examples of the various frontal morphologies that the opal-
A to opal-CT front behaves differently from the opal-CT to quartz front. Most of the 
geometries are poorly developed and less common along the opal-CT to quartz front, 
while multi-kilometre scale depressions and elevations have not been observed along this 
boundary. This is probably due to the smaller magnitude of the physical propel1y 
changes, especially the porosity drop, associated with the opal-CT to qual1z transition. 
This could lead to the development of features that are only just above or even below the 
seismic resolution of the data, hence are not as obvious on the seismic data. 
In the following interpretation it is imp0l1ant to bear in mind that seismically 
imaged patterns are a snapshot of front advancement, with examples revealing the likely 
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time-dependency of diagenetic front cross-secti onal development. Di agenetic fro nt 
patterns should be thought of as dynamic phenomena that evolve over time periods of 
thousand to mill ions or yea rs (Tada 199 1). Thi section starts by briefl y considering the 
apparent folding or the fro nts and the parallel relationship wi th the Late Miocene 
Unconformity be fore dea ling with each morphology in turn . 
3.5. J Apparel/t ff) /ding o(the diauen(' /icji·on/s 
There are three possible expl anati ons for why the fronts appear to be folded (Fi g. 3.6). 
-- Bed set 
o 
100m 
Late Miocene 
Unconformity/seabed 
Silica diagenetic front 
[0 1km I 
, Syn-compressional 
upward migration 
of the front 
Compression 
Fig. 3.6: Schemati c di agram showing the possib le 
explanations for the apparent folding of the diagenetic front 
with re pect to their parall el relationship to the Late Miocene 
Unconformity ( ee text for explanation). 
For example, the 
diagenetic fronts 
could have advanced 
to their present 
position aft er the 
folding (Fig. 3.6A 1-
4). Since the Late 
Miocene 
unconformity formed 
above the syn-
compres ional 
sedimentary fi ll of the 
fold , it forms an 
undulating surface 
with the same 
wavelength a the 
tectonic folds but a 
lower fold amplitude 
(Fi g. 3.6A3) . A the 
reactions are 
principa lly controlled 
by temperature the 
fronts shou ld be 
parallel to isotherms 
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and these will often be parallel to the contemporaneous seabed (the Late Miocene 
Unconformity) (Fig. 3.6A4). Therefore the fronts may simply develop the same 
undulating relief as the Late Miocene Unconformity. Alternatively the diagenetic fronts 
could form before the folding (Fig. 3.6Bl-4) and during an episode of lateral 
compression both the strata and the fronts are deformed (Fig. 3.6B2). Syn-compressional 
sediments are then deposited mantling the folds. Again the diagenetic fronts will 
probably advance to develop a parallel relationship with the contemporaneous seabed and 
thereby develop an undulating morphology (Fig. 3.6B3) that tracks the Late Miocene 
Unconformity (Fig. 3.6B4). Lastly the fronts may have advanced near to the end of the 
shortening phase (Fig. 3.6C2) and therefore underwent less shortening (Fig. 3.6C3). Once 
the fronts have regained equilibrium, with the prevailing thermal and chemical 
conditions, they will track an isotherm parallel to the Late Miocene Unconformity (Fig. 
3.6C4). 
The preferred explanation for the occurrence of apparent folding along the 
diagenetic fronts is that it is probably a result of the parallel relationship with the Late 
Miocene Unconformity. This specific stratigraphic relationship indicates that the 
unconformity represented the seabed, and that rather than being folded the fronts simply 
track the undulating Late Miocene seabed. Hence, during the Late Miocene the diagenetic 
fronts advanced maintaining a parallelism with the contemporaneous palaeoseabed (see 
Chapter 2 for a more detailed explanation). Davies & Cartwright (2002) proposed a very 
similar explanation for the apparent folding of silica diagenetic fronts in the Faeroe-
Shetland Basin. 
3.5.2 Planar fronts 
A planar front generally occurs where the diagenetic fronts track stratal boundaries and 
have not developed any of the morphological features. One could assume that the 
conversion is therefore occurring at the same time along the beds and bed sets perhaps 
due to similar chemistry within beds and bed sets. However, in reality it is very unlikely 
that this is true. It is more probable that the reaction occurs in some parts of a bed set 
first, with the front advancing laterally parallel to bedding until the bed sets are 
converted. In other words, some sort of differential vertical advancement of the 
diagenetic front is likely to occur followed by lateral advancement of the front. This 
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progress Ive lateral advancement along bed sets would lead to di agenetic fronts being 
parall el to stratal re l1 ections and would, therefore, inheri t the stratigraphic architecture 
(F ig. 3.7). This is consistent with some of the known controls on conversion (sedi ment 
age, detrital mineral content, and the host roc k chemistry), which loca ll y are likely to be 
A Seabed 
B 
I Subsidence r t Heat flow 00-1, 2.... 1k; J T ltoom 
~ Direction of diagenetic _ Silica diagenetic front 
front advancement 
Fig. 3.7: Schemati c diagram show ing the mechanisms of silica di agenetic 
boundary development in terms of direction of front advancement and inclination 
of the strata. (A) A combination of temperature and burial cause biogenic silica-
rich strata to reach the DOC where the sediment is transf0ll11ed from opal-A to 
opal-CT, forming a di ageneti c front. (B) In inclined strata the front advances 
along silica-rich bed ets forming serrated pattems ( I). In predominantly 
hori zontal strata attac hed wings (2) and single-ti ered detached wings (3) can 
form . Tn folded strata, multi -ti ered detached wings can develop in the troughs of 
synclines (4). However, in the crests of anticlines no detached wings form and 
the front cross-cuts the fo ld (5) with serrated patterns f0n11ing where the front 
cuts the limbs of the fo ld . Note that the mOllJhologica l features are less well 
developed on the opal-CT to quartz diagenetic boundary. 
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similar within anyone bed or bed set, hence leading to lateral advancement, but vary 
significantly across bedding if the succession is heterogeneous (Davies 2005). 
3.5.3 Serrated pattern 
Serrated patterns (Fig. 3.lB and marked 1, Fig. 3.7) indicate the preferential advancement 
of the conversion boundary at a regular separation of a few tens of metres. At this scale 
the pattern is unlikely to be caused by variations in heat flow. However, it is well known 
that the detrital mineral content can affect the rate of conversion (e.g. Kastner et al. 1977; 
Isaacs 1982); therefore the simple explanation for the regularity of serrated patterns is 
variations in the concentration of opal-A within the host sediment. Such variations are 
most likely the result of variations across bedding. The front would produce the serrated 
pattern by advancing up silica-rich beds faster than silica-poor beds or there being a 
shallower DOC in richer beds. This indicates that the succession is interbedded and that 
bedding planes are inclined. If the succession was massive it is likely that serrated 
patterns would not form. 
However, the fact that the teeth of the serrated pattern do not significantly vary in 
height (Fig. 3.1A and B), unlike those described by Davies & Cartwright (2002), suggests 
that this pattern might be an interference effect resulting from the interaction of the 
reaction occurring at the diagenetic front within inclined and deformed stratigraphy rather 
than the consequence of detrital mineral concentration. The effect of detrital mineral 
concentration within the host succession may only playa minor role in the formation of 
serrated patterns in the NSB. 
3.5.4 Wings 
Attached wings (marked 2, Fig. 3.7) describe localised concave- and dome-shaped 
features that form in stratal reflections above the main level of the diagenetic front, but 
are still attached to the front. The term 'attached' relates to the appearance of the feature 
on seismic data. They are localised regions where overburden beds and bed sets have 
started to undergo conversion, but this conversion has not yet advanced laterally along 
that bed or bed set. The ideal concave shape of an attached wing probably forms as a 
result of differential subsidence of the central part of the wing, which has undergone 
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conversion before the edges. The tapering edges of a concave-shape wing most likely 
represent the leading edge of the reaction front. 
Detached wings form for exactly the same reasons as attached wings, but prefer to 
use this term to indicate that the feature has completely detached from the diagenetic 
front. The term detached refers to the spatial relationship, in seismic data, to the main 
diagenetic front that the wing has formed above. It is probable that single-tiered detached 
wings (marked 3, Fig. 3.7) are more evolved forms of attached wings, which signify that 
the conversion has started to advance laterally along a bed or bed set above the main 
diagenetic front. As wings advance laterally and convert more sediment one would 
expect them to flatten out as a result of progressive differential compaction and 
subsidence. The dominance of lateral advancement and progressive differential 
subsidence means the detached wing does not exhibit the concave-shape of an attached 
wing, but still does show the tapering edges that represent the leading edge of the 
reaction. 
A multi-tiered detached wing can form in the trough of a syncline (Fig. 3.3 and 
marked 4, Fig. 3.7). The front advances through multiple beds and bed sets that have 
been folded below the DOC leading to the conversion of several bed sets. This occurs 
progressively as the front advances both laterally along the limbs and directly upwards 
from the hinge zone, perhaps due to fracture generation causing enhanced diagenesis in 
the trough of the syncline (see section 3.6.2 below). The conversion process of the bed 
sets in the trough of the syncline is time-dependent and would lead to a set of 
increasingly smaller detached wings stacking one on top of another, with the central peak 
indicating the highest and most recent stratal level the front has reached (hence least 
converted bed set). The concave-shape is similar to that of attached wings, but is 
probably due to a combination of the front following the inclination of the bed sets in the 
trough of the syncline and some differential subsidence at the centres of the individual 
tiers. 
3.5.5 Terraces 
Terraces form in conjunction with kilometre scale depressions and elevations in the 
diagenetic front; hence these are explained below along with the larger features. 
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3.5.6 Depressions and elevations in the diagenetic/ront 
The potential mechanisms for causing depressions and elevations are dealt with together. 
The multi-kilometre scale depressions (marked 1, Fig. 3.8) in the opal-A to opal-CT 
diagenetic front have to be consistent with the absence of a depression in the opal-CT to 
quartz boundary. This would probably rule out lateral variations in heat flow as you 
would expect to see a depression in the opal-CT to quartz boundary. Hence, the formation 
of depressions in the diagenetic front are primarily due to the direction and rate of 
diagenetic front advancement, with the inclination of the strata having little or no 
influence (Fig. 3.8). There are two possible hypotheses for these features. Firstly, 
depressions could form due to variations in host lithology geochemistry (e.g. silica, 
detrital and carbonate content and pore water chemistry). For example, there may be 
regions that have low concentrations of biogenic silica (marked SPZ, Fig. 3.8). This 
would slow the rate of front advancement (ROF A) relative to adjacent successions. This 
impeded section of the front forms the depression in the front as ROFA outside of the 
silica-poor zone is not impeded. 
It is also plausible that the rheology of the sediment is different; it may not be 
conducive for the development of hydro fractures, which may be important for enhancing 
the rates of diagenesis (see Eichhubl & Boles 1998). Therefore, a depression may form 
where ROFA is inhibited by reduced hydrofracture formation. Gross (1995) suggested 
that the fracture style within the Monterey Formation, California, depended upon the 
mineralogical composition of the host lithology. For example, opening-mode veins 
tended to form in more brittle units such as diagenetic opal-CT beds, while faults were 
more common in beds rich in opal-A and 'weak' detrital minerals (e.g. clays). Hence the 
mechanical properties of the host lithology can influence the type and extent of fracture 
formation. 
The depression caused by the restriction of the opal-A to opal-CT front can lead 
to the opal-CT to quartz front that has not been impeded to almost merge with the opal-A 
to opal-CT front. Terraces (marked 2, Fig. 3.8), form within the trough of the depression 
as the front attempts to regain equilibrium with the prevailing burial and geothermal 
conditions by trying to advance laterally through the fracture- or silica-poor sediment and 
close the depression to form a planar front. 
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SPZ 
, 
Opal.~A,--_-~.--__ 
A 
--._.--
.. Subsidence t t Heatflow 4km 
~ Direction of diagenetic front advancement 
..... ~ Direction of restricted diagenetic front advancement 
- Silica diagenetic front 
Fig. 3.8: Schematic diagram showing how depressions and elevations in the 
diagenetic front rorm. (A) Diageneti c fronts advance relatively upward 
through strata that conta in zones of si li ca-poor (SPZ) and ilica-rich (SRZ) 
sediment. (8) Formation or depressions (I) and elevations (3) in the 
diagenetic front. Terraces (2) form in the unconvel1ed sediment on the 
margins of depressions and e levations. Di ffe rential compaction also occurs 
in the sed iments above these features: antiformal folds (4) above the 
depressions and downward flexures (5) above the elevations. In incl ined 
strata serrated patterns form (6). 
In contrast to depressions, elevations in the opal-A to opal-CT diagenetic front 
(marked 3, Fig. 3.8) cou ld be accounted for by the front advancing tlu'ough areas that are 
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particularly rich in biogenic silica (marked SRZ, Fig. 3.8). Or, the region has rheological 
characteristics that make it prone to hydrofracturing, allowing increased rates of 
diagenesis. The lack of an elevation in the opal-CT to quartz front rules out lateral 
variations in heat flow as a possible cause of multi-kilometre scale elevations. This 
despite the fact that the example of an elevation shown in Fig. 3.5 is situated above a 
basement high, which could suggest that lateral heat flow variations might be responsible 
for the development of elevations. However, it is probable that this spatial arrangement 
between the opal-A to opal-CT front and basement high is coincidental. This is because 
of the lack of a spatially coincident elevation in the opal-CT to quartz front, the lack of 
basement highs underlying other examples of elevations (Fig. 3.5 is the clearest example 
of a multi-kilometre scale elevation) and that nearby examples of depressions in the opal-
A to opal-CT front are not underlain by basement lows. 
Variations in heat flow may be responsible if there was a difference in the 
reaction kinetics of the opal-A to opal-CT and opal-CT to quartz transitions. For 
example, the kinetics of the opal-A to opal-CT transition may mean the rate of 
conversion is affected more by heat flow variations than the opal-CT to quartz transition, 
meaning the transition could be slower (forming a depression) or faster (forming an 
elevation) than the less affected opal-CT to quartz transition. This scenario is highly 
unlikely as there is no evidence in the literature for a difference in the reaction kinetics, 
with only host lithology, such as detrital mineral content (e.g. Isaacs 1982), and pore 
water chemistry (Le. sedimentological factors) leading to variations in the conversion 
rate. 
The elevation would form where the front has initially been able to advance more 
rapidly upwards than the surrounding sections of the front forming a multi-kilometre 
scale arch shape. The advancement at the elevation has subsequently been restricted, by 
mechanical-chemical factors (such as silica content or fracture formation), causing the 
front to preferentially advance laterally along beds and bed sets forming terraces along 
the margins of the elevation (marked 2, Fig. 3.8). The lateral advancement of terraces 
extending from the elevation along adjacent unconverted bed sets would allow the rest of 
the front to advance and reach the same stratigraphic level as the elevation by converting 
the sediment above the main front. Once the front passes the zone of favourable 
lithology, forming the elevation, the front reaches equilibrium with its surrounding 
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conditions (i.e. host lithology, temperature and burial rate) and no longer undergoes 
differential advancement. Elevations and depressions are examples of where the 
lithological controls occur over a large area. 
3.6 Front advancement processes 
The above features provide a record of diagenetic front advancement within a clastic 
sedimentary basin. Together with outcrop analogues and siliceous sediment exposed 
elsewhere (e.g. Monterey Formation, California) they can provide clues as to what 
processes and interrelated processes are important in front advancement. 
3.6.1 Bedding and lithology control 
A variety of outcrop and borehole data show that diatomites are commonly laminated and 
interbedded at centimetre- to metre-scale (e.g. Compton 1991; Tada 1991) (Fig. 1.8). 
Outcrop evidence from the Monterey Formation also indicates that brecciation and 
micro fracturing can accompany the reaction as a result of hydro fracturing and volumetric 
contraction (Eichhubl & Boles 1998; Eichhubl 2004). Sediments richer in silica are 
converted at a faster rate than those containing a greater proportion of detrital minerals 
(e.g. Isaacs 1981; 1982; Bohrmann et al. 1994). It is reasonable to propose that many 
patterns probably form as a result of bedding and lithology variations with conversion 
occurring in beds and bed sets that are richer in opal-A first, either at a slightly shallower 
DOC or as a result of higher ROFA, than beds that have a higher detrital mineral content. 
This simple mechanism has already been shown as one of the ways to account for the 
serrated patterns of the fronts in inclined strata. 
In contrast, wings form where the diagenetic front has 'jumped' to a shallower 
stratigraphic level. These localised regions where the reaction has been initiated in 
overburden strata are termed 'seed areas' (Meadows & Davies 2007). There are several 
mechanisms that could account for the development of seed areas (Fig. 3.9). 
The silica diagenetic transformations are dehydration reactions that can generate 
excess pore pressure in the strata above the diagenetic fronts (Hesse 1990). This 
generation of overpressure could cause hydro fracturing in the sediments overlying the 
fronts. Opening of fractures by hydro fracturing of materials like diatomites with very low 
permeabilities occurs when the fluid pressure is so high that the minimum principal 
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effective stress, (]"3, has been reduced to zero and the tensile stresses exceed the cohesive 
strength of the sediment (Bj0rlykke & H0eg 1997). Seed areas may form where the 
density of hydro fracture generation is particularly high (Fig. 3.9A), causing enhanced 
rates of diagenesis (Eichhubl & Behl 1998) leading to localised differential front 
advancement. Zones of denser hydro fracture generation may result from lateral variations 
in sediment rheology or differences in pore pressure in the overlying strata. 
The concentration of opal-A in overburden sediments may vary and seed areas 
would preferentially develop in areas where the silica concentration is higher (Fig. 3.9B), 
leading to differential front advancement. It could also be that part of the bed set that the 
front has reached is thinner than the adjacent areas (Fig. 3.9C). Due to there being less 
sediment for the front to convert at the thinnest points of a bed set the front would 
preferentially advance to the next bed set at these areas. It is likely that all of the 
mechanisms that can generate seed areas play a role in the formation of wings, but 
without well calibration of the succession the exact mechanisms and their relative 
importance remain unclear. 
3.6.2 Role a/fracturing and brecciation 
It is well known that fracturing enhances the rate of the diagenetic process (Eichhubl & 
Behl 1998). Microfractures can form due to the volumetric contraction as a result of the 
conversion of opal-CT to quartz (Eichhubl 2004). Fractures also form as a result of 
overpressure created due to the expulsion of fluids by the reactions (Hesse 1990), which 
causes hydro fractures that are beyond seismic resolution to propagate in the overlying 
sediment (see section 3.6.1 above). Comparisons with outcrop examples, especially the 
Monterey Formation, indicate that hydrofracturing varies as a function of lithology. The 
increase in pore fluid pressure due to the reactions would provide the conditions for 
brittle fracture, but as a result of the effect that detrital content has on conversion the 
lithologies would fracture at different times and depths (Eichhubl & Behl 1998). The 
rheology of the lithology would have an effect on the type and extent of fracturing (e.g. 
Gross 1995), for example, well cemented and competent lithologies are more susceptible 
to fracturing than relatively weak lithologies such as mudstones. 
Hydrofractures in diatomites stimulated by water injection (Barenblatt et al. 2002) 
are predominantly parallel to bedding, which provide natural planes of weakness for 
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Fig. 3.9: chematic diagram showing the mechanism of seed area development. The 
diagenetic front initially tra k the stratigraphy. ( ) Seed area generation due to 
increased hydrofracture generation. (8 ) Seed area generation due to a zone of ilica-
rich sediment. ( ) eed area generat ion due to bed et thicknes variation. equences 
1-5 how the formation of atta hed wings due to differ ntial advancement at a seed 
area and sub equent e olution into single-tiered attach d wings and then via lateral 
advancement, and joining with oth r wings at that tra tal level, in to planar front. 
mechanical failure, and cau e region of Ignifi ant br cciation and con iderably 
enhanced permeability. This would al 0 pro ide a mechanism for the ad ane m nt of the 
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diagenetic front parallel to bedding. Therefore, they may be important in the development 
of the geometries described in this chapter. The orientation of naturally occurring 
hydro fractures is generally normal to the direction of 0"3 unless the sediment is very 
anisotropic (Bjerlykke & Heeg 1997). These networks of hydrofractures can occur along 
individual beds or at several different levels and are termed 'damage zones' (Barenblatt et 
al. 2002). It is known that increased permeability can lead to increased fluid flow which 
in tum can cause enhanced dissolution and reprecipitation of silica (Williams et al. 1985), 
hence enhanced rates of conversion. Similar brecciated damage zones, triggered by the 
liberation of water and overpressure are also seen in outcrops of the siliceous Monterey 
Formation, where they caused enhanced rates of diagenesis (Eichhubl & Behl 1998; 
Eichhubl & Boles 1998). 
Hydrofracturing caused by silica diagenesis can influence where subsequent 
conversion can occur, hence the points along the diagenetic front where the certain 
morphologies can form. Therefore, the development of localised denser fracture networks 
may provide a mechanism. for the growth of seed areas, the formation of attached wings 
and subsequent development into detached wings and finally into wider regions of planar 
fronts that track stratigraphy (Fig. 3.9AI-5). Once the original wing has developed into a 
planar front there may be a relict denser hydrofracture network above the area where the 
seed area and wing originally formed (Fig. 3.9A5), this area would provide an optimum 
location for subsequent seed area generation. Hence, front advancement and wing 
formation due to hydro fracture generation could result in the development of a feedback 
mechanism. 
3.7 Deformation caused by differential front advancement 
Davies (2005) showed that differential advancement of the opal-A to opal-CT diagenetic 
front can cause folding in the overburden. This is because of the significant porosity loss 
the reaction causes such that areas of preferential front advancement are overlain by 
depressions caused by differential subsidence (Fig. 3.10). However, above many of the 
smaller scale morphological features in the NSB this effect is not observed, probably for 
two reasons, either the magnitude of the porosity change could be so small that the 
differential compaction effect described by Davies (2005) has no observable effect (Le. 
below the seismic resolution of the dataset), or, at geological time-scales, the reaction is 
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occurrin g at essenti all y the same time along the length of the beds and bed sets. In many 
pl aces the front tracks th e strat igraph y: hence th e de formati on of the overl ying sedi ments 
can be considered to be transient de fo rm atio n. w hi ch leads to temporary fo lding as the 
di agenetic fronts convert enti re bed sets removing th e depressions fo rm ed by area of 
preferentia l front adva ncement (F ig. 3.1 0). 
A B Compac tion causes d ifferent ia l Fig. 3. 10: Schematic 
n l 
~ diagram show ing how 
1 di fferenti al fro nt 
Seed area ... adva ncement can cause 
transient deformation in the 
Attac eo wm 
overl ying sedim ents. The 
di agenetic front ( I ) tracks 
C 0 the strati graphy (2). Note Lateral advancement widens 
zone of difl~ial subsidence that the bed sets below th e 
front 
• • 
di ageneti c are more 
compacted than those above 
Planar front as a result of the change III 
Smale-tl erc 
detached winA physica l properti es. 
[tJ1~ 1~ 1 
However, kil ometre-sca le dIfferentIal compactIon 111 the NSB has been observed 
where depressions and elevati ons in the opal-A to opal-CT diagenetic front develop. The 
subtl e antifol111S occurring above the depressions (marked 4, Fig. 3 .4 and marked 4, Fi g. 
3.8) and the downward nexures above the e levation (marked 3, Fig. 3.5 and marked 5, 
Fig. 3.8) are both interpr ted to be the result of differenti al front advancement and , 
therefore, differenti a l compac tio n. 
3.8 Discussion 
3.8. 1 3D geometry 
As thi s chapter has mainl y used 20 seismic data to describe the morpho logy of the 
boundaries a judgement has not been made on the likely plan form geometry of the 
features. 1t is likely that the terraces and serrated pattems probably form ridges in plan 
form that are parall el to the strike of the fo lds. Thi s is based upon the occurrence of 
s imilar phenomena mapped in 3D by Davies (2005) in the Faeroe-Shetland Basin. The 
development o f a comprehensive 20 and 3D scheme would be useful for future 
descriptions o f s ilica di agenetic fronts (see Chapter 5, Fi g. 5.4) . 
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3.8.2 Controls on diagenetic front morphology and comparison with the Faeroe-Shetland 
Basin 
The silica diagenetic boundaries in Sakhalin are amongst the largest diagenetic front 
patterns to be described. Many of the morphological features appear to form as a result of 
the interference of the front with a layered stratigraphy, rather than taking up the cell-like 
or polygonal geometry described before in the basins of the northeast Atlantic margin 
(Davies 2005). 
The morphologies in the Faeroe-Shetland Basin take the form of a series of 
polygonal ridges composed of attached wings and terraces with polygonal or cell-like 
plan form geometry. Although the morphologies of the NSB include attached wings and 
terraces, there is no evidence for the development of polygonal ridges with the associated 
3D planar form. Both basins have a similar heterogeneous stratigraphic fill, which is 
composed of diatomites interbedded with diatomaceous mudstones. The scale of the 
morphologies between the basins are similar, generally being of the order of <2 km, with 
the exception of the multi-kilometre scale depressions and elevations of the NSB. 
However, the distribution of the morphologies between the basins is different. In the NSB 
the morphologies develop throughout the basin wherever the silica diagenetic boundaries 
occur, although they are more commonly developed in the eastern part of the basin, while 
in the Faeroe-Shetland Basin the polygonal ridges are only developed in certain areas 
even though the opal-A to opal-CT transition occurs over a much larger extent of the 
basin. Davies (2005) noted that in the Faeroe-Shetland Basin the siliceous sediments in 
which the boundaries formed the cell-like geometry mantled an underlying polygonal 
fault system and that ridges in the diagenetic front generally formed above the fault tips, 
probably due to fluid flow from the faults causing enhanced rates of diagenesis. 
However, in the NSB there is no polygonal fault system that can influence formation of 
any of the morphological features; hence this specific ridge morphology did not develop. 
Therefore, it is likely that the morphologies of the NSB are a more fundamental 
manifestation of the processes of silica diagenetic front advancement than the more 
specialised process derived from underlying cellular fracture patterns described by 
Davies (2005) in the Faeroe-Shetland Basin. Differential front advancement is more 
common in the Faeroe-Shetland Basin due to the regularity of morphology development 
associated with the extensive polygonal faulting. The irregular nature of morphology 
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development in the NSB means the morphologies are not as commonly developed as 
those in the Faeroe-Shetland Basin; hence the fronts tend to mostly follow bed sets when 
the strata is planar with differential front advancement only occurring where seed areas 
fonn. 
It is probable that the positions of seed area fonnation in the NSB are controlled 
by a complex natural system, which is influenced by a combination of different factors. It 
could be one dominant factor governing the fonnation and position of the various 
morphological features or it could be a combination, but it is impossible to tell using 
seismic data alone. 
3.8.3 Remaining questions and uncertainties 
Further detailed borehole data would be required to assess whether the hypothesis that 
diagenetic front geometry at regional scales is controlled by a combination of lithological 
variation and the interference of the fronts with deformed and inclined strata. Borehole 
data would also help to evaluate the role fracturing plays in front advancement. Scientific 
drilling of some of the phenomena described would be very beneficial. 
3.9 Conclusions 
Silica diagenetic fronts are dynamic, time-dependent phenomena that have mostly been 
overlooked in tenns of their importance in the evolution of sedimentary basin fills. 
Seismic analysis has a significant role to play in understanding how the fronts advance 
and how this advancement changes the properties and structure of the host sediment. 
The silica diagenetic boundaries of the NSB reveal a number of morphological 
features that form as a result of the interference of the diagenetic front with inclined and 
folded stratigraphy as well as with variations in composition and rheology of the host 
lithology. The morphological elements can be explained in terms of variations in the 
relative rates of front advancement, both parallel and orthogonal to bedding, which are 
probably controlled by lithological variations, the inclination of the host strata and 
feedback between diagenesis and possible hydro fracture generation. Wings, terraces and 
serrated patterns are all indicative of the attempts by the fronts to advance to higher 
stratal levels, while multi-kilometre scale depressions and elevations in the opal-A to 
70 
Chapter 3: Diagenetic boundary morphologies 
opal-CT front probably result from ROFA being restricted or enhanced by localised 
variations in host lithology. 
The fronts of the NSB lack the regular cell-like or polygonal geometry of the 
basins of the northeast Atlantic margin (e.g. Davies 2005), due to different controls on 
seed area formation and front advancement. This has lead to an irregular geometry of the 
diagenetic fronts. These varied front patterns between basins indicate the factors effecting 
front advancement and the growth of the various morphological features differ depending 
on the stratigraphic, sedimentological and structural architecture of a particular basin. 
Therefore, it can be concluded that within individual sedimentary basins there could be 
unique frontal geometries due to the variations in the controls on the diagenetic fronts. 
The factors that influence the geometry of the fronts include the location and 
extent of fluid flow conduits (e.g. hydrofractures), pore water chemistry, host rock 
lithology and variations in heat flow. Within the NSB the interaction of all these factors, 
together with the lack of one dominant control, during the diagenetic transitions created 
the irregular frontal geometry that is observed. The precise diagenetic processes cannot 
be accurately determined using seismic data alone. However, the visualisation of 
diagenetic fronts within a basin using seismic reflection data has the potential to be very 
useful at this scale. 
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using Seismic Reflection Data 
4.1 Introduction 
It has long been known that compaction is an important process in sedimentary rocks 
that usually causes an exponential reduction in sediment porosity during burial (e.g. 
Dzevanshir et al. 1986; Wilson & McBride 1988). Determining the rate of porosity 
reduction with depth is an important aspect of sedimentary basin analysis that has 
profound implications for many aspects of sedimentary and structural geology. It also 
has commercial relevance in terms of the capacity of sediment to host fluids and gases 
such as oil, C02 and thermogenic gas. 
In sedimentary rocks, information inferred from seismic reflection data have 
often been used to make a host of predictions, including the environment of 
deposition (e.g. Diaz et al. 1990; Posamentier & Kolla 2003; Braaksma et al. 2006), 
the lithology (e.g. Fournier et al. 2002; Davies et al. 2003; Posamentier & Kolla 
2003), fluid content (e.g. Davies et al. 2003), and in the absence of borehole 
calibration to make estimations of porosity, based upon general knowledge of the 
depositional system (e.g. Brown et al. 1996). Brown et al. (1996) used differential 
compaction in the strata above a rim in a rimmed reef to estimate the relative porosity, 
i.e. whether it is high or low, to deduce the effect of post-depositional changes. 
Changes in the geometry of seismic reflections with depth have not been used to 
directly and quantifiably estimate porosity loss during burial. This is probably because 
the magnitude of these changes is usually so small, therefore making accurate 
measurements difficult. 
Compaction of sediment during burial is usually such a gradual process that its 
effects on seismic reflections are very difficult to identify. The effect of compaction is 
also difficult to isolate from other burial related processes using seismic data, such as 
the general increase in seismic velocity that occurs with lithification during burial. 
Usually the amount of compaction is calculated using the following equation: 
1f = (l-lPJ T; / (l-CP!y (1 ) 
Where: T; is the initial thickness, Tf is the final thickness, lP j is the initial porosity and 
CPf is the final porosity. Lateral variations in the magnitude of compaction, both 
mechanical and chemical, can cause differential subsidence in sedimentary basins 
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during burial and this effect can be significant enough to cause folds to form (e.g. 
Davies 2005). Recently, this effect has been identified within biosiliceous 
successions, where distinct reflections can be mapped that represent boundaries across 
which significant compaction is taking place due to the conversion of opal-A to opal-
CT (Davies 2005). Davies (2005) proposed that differential compaction occurs at 
some of these boundaries as a result of variations in the depth of the diagenetic 
boundary; hence the point at which porosity reduction occurs. The differential 
compaction causes kilometre-scale folding of the overburden above the boundary 
(Fig. 4.1). In this chapter the hypothesis put forward by Davies (2005) is tested by 
modelling the opal-A to opal-CT boundary, together with the associated deformation 
of the overburden, and describe a method for estimating the amount of porosity 
change that occurs at this boundary. 
The method described here is an example of forward modelling where 
magnitude of the porosity drop is calculated from a model of how the opal-A to opal-
CT transformation influences the seismic expression of the strata. This method 
requires seismic imaging of the opal-A to opal-CT boundary and of the reflections 
above it. The cost of drilling to establish the amount of compaction is significant; 
therefore this method represents a new technique for porosity estimation that could be 
applied where no borehole data exists. 
4.2 Diagenetic boundaries and deformation 
As a result of the physical property changes associated with the reactions (see Chapter 
1.3) silica diagenetic boundaries are frequently imaged as moderate- to high-
amplitude normal polarity reflections on seismic data, which can cross-cut 
stratigraphy (Fig. 3.1). These seismic diagenetic boundaries can be mapped over areas 
of up 105 km2 (e.g. Davies & Cartwright 2002; Meadows & Davies 2007). 
They sometimes develop regular wavelength morphological forms that have 
yet to be recognised in the field but have been identified on several seismic data sets, 
from three different basins (see Davies et al. 1999; Davies 2005; Davies & Cartwright 
2007; Meadows & Davies 2007). Some of these morphologies can take the cross-
sectional form of ridges and troughs that have a polygonal plan form geometry (e.g. 
Davies 2005). They can also vary considerably in size (Fig. 3.2), from multi-kilometre 
scale features to wings that are <1 km in length, which are elongate to concave-
upwards features that form just above the diagenetic boundary (Meadows & Davies 
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2007). These different morphologies are probably the result of a combination of 
factors such as the interference of the diagenetic boundaries with inclined and folded 
stratigraphy together with lateral changes in the properties and therefore, depth of 
transformation of the sediment (Meadows & Davies 2007). Many of the morphologies 
are the result of differential advancement of the diagenetic boundaries, i.e. there is 
variation in depth of conversion (DOC), and hence conversion will occur earlier at 
some points laterally leading to differential compaction as a result of porosity 
reduction (Fig. 4.1) (Davies 2005). It is this earlier hypothesis that this chapter aims to 
test by modelling the effect of differential advancement at the opal-A to opal-CT 
boundary and through the porosity estimating method that is developed in this 
chapter. 
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Fig. 4.1: Diagram illustrating 
the effects of differential 
advancement of the diagenetic 
front on the overlying 
sediment. The diagram also 
summanses the following 
terms: differential 
advancement, relief of the 
DOC and amplitude of the 
folding caused by differential 
compaction, which are used 
throughout the chapter. (A) 
Strata, 200 m thick, prior to 
conversion. (8) The sediment 
converts from opal-A to opal-
CT at a diagenetic boundary. 
However, part of the boundary 
converts sediment at a 
shallower depth than another 
part. (C) This leads to 
differential front advancement, 
hence to differential 
compaction of the overlying 
strata, as a result of porosity 
reduction (50% in this 
example), causing folding to 
occur. 
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4.3 Modelling 
The compaction equation (equation 1) is used to replicate the geometry, uSlllg a 
forward modelling methodo logy, of the reflections identified above the diageneti c 
boundary across which the porosi ty is expected to have changed (Fig. 4.2). It became 
apparent that there \vere several different methods for modelling the differential 
compaction and the porosi ty loss associated with the opal-A to opal- T transi tion 
depending on what initial parameters were used in equation I (see section 4.5). 
These models have their parameters adjusted to match the observation made 
from several different seismic datasets. These parameters include the poro ity. both 
initial and final , and the 
o 1km 
- -
Fig. 4.2: Schematic diagram summarising the ridge-
trough morphology of the opal-A to opal-CT boundary 
described by Davies (2005). This form of frontal 
morphology initially developed due to differential 
advancement of the diagenetic boundary. Ridge relief 
and width are then prob'Tessively increased due to earlier 
opal-A to opal-CT conversion above t;dges as well as 
conversion laterally along bed sets (Davies 2005). This 
caused compaction and subsidence in the overlying 
strata and to the development of a series of downward 
flexures aligned with the ridges in the DOC. 
relief of DO . They are 
det;ved uSlllg rea li stic 
value fi'om sel IllIC 
datasets and other 
source, of information 
for the relevant sci mic 
case studies. Once the 
models are adju ted to 
match the parameters 
fi'om the case studies 
the model can then be 
used to calculate an 
estimate of the porosity 
drop or the amplitude of 
the differential 
compactional folding, depending on the known parameters (ec ection 4.5), 
associated with the opal-A to opal-CT transition in pecific example. From thi 
method a form of 'porosity profile' can be determined from the seismic data , hence 
giving some idea of how the porosity changes acros the diagenetic boundary through 
the use of seismic data. 
Previous work on estimating rock propeliies from seismic data has mainly 
used detel1llinistic methods to aehieve this aim. A deterministic method involves 
relating one property to another. For example, Spikes & DVOl'kin (2003) u ed 
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deterministic relations to interpret rock properties (pore fluids, porosity and lithology) 
from seismic velocity (P- and S-wave data). All deterministic equations are calibrated 
at a well. The equations are then applied to upscaled well log data to confirm their 
validity at the seismic scale (Spikes & Dvorkin 2003). The basis of every 
deterministic model is a series of controlled experiments where the physical 
properties are measured under the same environmental conditions, such as in well log 
measurements (Spikes & Dvorkin 2003). These data are then statistically analysed to 
reveal any trends between the physical properties, which can then be used to estimate 
unknown properties from the properties that are known. 
4.4 Database and methodology 
To construct a model to replicate the effects of porosity change on the sediments 
undergoing the transition from opal-A to opal-CT, information on the starting 
porosity, post-conversion porosity and the depths at which the transition occurs are 
required. The depths at which conversion happens is required so that the initial and 
final thicknesses of the strata involved, which are required for use in equation 1, are 
known; hence the model matches what is observed. The initial models were based on 
data from siliceous sediments drilled by ODP (Ocean Drilling Program) Leg 127/128 
in the Sea of Japan, which is one of the best documented examples of a silica 
diagenetic boundary in terms of sediment properties and where there are also some 
poor quality 2D seismic data that image the opal-A to opal-CT boundary. There is a 
lack of data, especially relating to sediment properties, for most areas where silica 
diagenesis occurs. In the Sea of Japan the sediments typically undergo a -30% drop in 
porosity at a DOC located at 300 to 400 mbsf (metres below seafloor) (Fig. 4.3), with 
an initial porosity of -80% and a post-conversion porosity of -50% (Tamaki et al. 
1990). Hence, for the initial models the porosity values were based upon the data from 
the Sea of Japan. In this chapter the term relief is defined as the depth between the 
shallowest and deepest DOC located along the opal-A to opal-CT boundary (Fig. 4.1). 
However, the depth of the diagenetic boundaries in basins worldwide can vary 
considerably, from less than 300 mbsfto more than 1000 mbsf, this variation can also 
occur within the same basin (Meadows & Davies 2007 and references therein). 
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It is also essentia l to rep licate the effects the transition has on the strata that 
can be identified on seism ic data (F igs. 4. 1 and 4.2). Davies (2005) and Meadows & 
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Davies (2007) 
described unusual 
deformational 
patterns related to 
the vari ation In the 
depth of the 
diagenetic boundary. 
This has caused 
d i fferen t i a I 
compaction of thc 
overl ying sediment 
(Fi gs. 4. 1 and 4.2). 
The effect of 
differential 
Fig. 4.3: Porosity-depth graph fo r siliceous sediments from 
ODP Leg 1271128, Site 795, Sea of Japan. Dashed line 
indicates the approx im ate position of the opal-A to opal-CT 
transition and the solid line indicates the porosity trend with 
depth . 
compaction 
manifests itself as folding in the strata overl ying the diageneti c boundary. Anti fo rms 
develop above regions of the boundary where upward advancement has been 
suppressed (deeper DOC) and synforms form above the boundary where upward 
advancement has occurred more rapidly (shallower DOC) - fi gures 4. 1 and 4.2 . Figure 
4.1 summari ses some of the key terms which will be used repeatedl y throughout thi 
chapter. The hypothesis developed by Davies (2005) and Meadows & Davie (2007) 
is that the amplitude of the folding created by different ial compacti on is related to the 
size of the porosity drop and to the differential relief of the di agenetic boundary. It is 
this hypothesis that is tested in thi s chapter through modelling. The amplitude of the 
folding caused by differential compaction is known from seismic data. Hence by 
using the value for the amplitude of the folding and combining with the other known 
parameters, such as initi al porosity and relief of the DOC, these values can be entered 
into a realTanged equati on I (see section 4.4.1 and 4.5). Thi s would enable the 
magnitude of the porosity drop that occurs to be calculated. 
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4.4.1 Modelling process 
When using the compaction equation to model the magnitude of the porosity drop 
associated with the opal-A to opal-CT transition I am assuming that the reduction in 
porosity with depth is following established trends from siliceous sediments that have 
previously been calibrated (e.g. Tamaki et al. 1990; Langseth & Tamaki 1992), i.e. 
retain a high porosity value that does not significantly decrease with depth until a 
rapid decrease in porosity at the DOC (e.g. Fig. 4.3). For the purpose of modelling the 
deformation in the strata at the opal-A to opal-CT boundary the components of 
equation 1 are related to the following parameters: tPj is the initial porosity, tPf is the 
final porosity, Tf is defined as the relief of the DOC and Ti is defined as the relief of 
the DOC plus the amplitude of the differential compactional folding. Hence the 
amplitude of the folding is defined as T; - 1f and the porosity drop at the diagenetic 
boundary is defined as tPj - tPf. 
4.5 Replicating opal-A to opal-CT boundary relief 
It was found that two mechanisms could be used to replicate the deformation in the 
strata above the opal-A to opal-CT boundary. One mechanism involves introducing 
variations in the relief of the DOC during each run of the model. These are termed the 
'relief models'. The second involves calculating the final porosity during each run of 
the model. These are termed the 'porosity models'. In the following sections the basis 
for these models are outlined. 
4.5.1 The reliefmodel 
One method of generating differential advancement of the diagenetic front, hence 
differential compaction, is to vary the relief of the DOC while keeping the magnitude 
of the porosity drop constant between each run of the model. By changing the amount 
of differential advancement, i.e. the relief of the DOC, you can change the amplitude 
of the folds above the diagenetic boundary. This method is termed the relief model 
(Table 4.1). In the relief model equation 1 is rearranged in order to find Ti: 
Ti = (l-tPpTf/ (l-tPJ (2) 
The value of Tf is then subtracted from Ti in order to calculate the amplitude of the 
differential compactional folding. This model assumes that initial and final porosities 
are known, while the relief of the DOC is varied in order to produce changes in the 
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amplitude of the folding. In this model the larger the relief of the DOC the greater the 
amplitude of the differential compactional folding will be (Table 4.1). 
Initial Relief + 
Relief of Porosity Porosity Final Porosity Amplitude of Amplitude of 
DOC(m) Drop (%) (%) (%) Folding (m) Foldin2 (m) 
25 30% 80% 50% 62.5 37.5 
50 30% 80% 50% 125 75 
75 30% 80% 50% 187.5 112.5 
100 30% 80% 50% 250 150 
125 30% 80% 50% 312.5 187.5 
150 30% 80% 50% 375 225 
175 30% 80% 50% 437.5 262.5 
200 30% 80% 50% 500 300 
225 30% 80% 50% 562.5 337.5 
250 30% 80% 50% 625 375 
25 15% 80% 65% 43.75 18.75 
50 15% 80% 65% 87.5 37.5 
75 15% 80% 65% 131.25 56.25 
100 15% 80% 65% 175 75 
125 15% 80% 65% 218.75 93.75 
150 15% 80% 65% 262.5 112.5 
175 15% 80% 65% 306.25 131.25 
200 15% 80% 65% 350 150 
225 15% 80% 65% 393.75 168.75 
250 15% 80% 65% 437.5 187.5 
25 15% 50% 35% 32.5 7.5 
50 15% 50% 35% 65 15 
75 15% 50% 35% 97.5 22.5 
100 15% 50% 35% 130 30 
125 15% 50% 35% 162.5 37.5 
150 15% 50% 35% 195 45 
175 15% 50% 35% 227.5 52.5 
200 15% 50% 35% 260 60 
225 15% 50% 35% 292.5 67.5 
250 15% 50% 35% 325 75 
Table 4.1: Table showing the variables input into the relief model and the values 
for the amplitude of the differential compactional folding that were calculated using 
equation 2. 
4.5.2 The porosity model 
Another method of generating differential advancement of the diagenetic front, hence 
differential compaction, is to vary the magnitude of the porosity drop at the boundary, 
while keeping the relief of the DOC constant during each run of the model (Table 
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4.2). In this model the initial porosity is kept constant while the final porosity needs to 
be calculated (Table 4.2). This method is termed the porosity model (Table 4.2). In 
the porosity model equation 1 is rearranged in order to find CPf: 
CPf= 1- ((1- cpJ TilTJJ (3) 
This model assumes that the initial porosity, relief of the DOC and the amplitude of 
the folding are known, once CPf is known the magnitude of the porosity drop can be 
calculated by subtracting the initial porosity from the final porosity (see section 
4.4.1). The greater the amplitude of the differential compactional folding in the model 
is the larger the porosity drop will be (Table 4.2). 
Relief + 
Relief of DOC Amplitude of Amplitude of Initial Final Porosity Porosity Drop 
(m) Folding (m) Folding (m) Porosity (%) (%) (%) 
100 105 5 80% 79.0% 1.0% 
100 110 10 80% 78.0% 2.0% 
100 115 15 80% 77.0% 3.0% 
100 120 20 80% 76.0% 4.0% 
100 125 25 80% 75.0% 5.0% 
100 130 30 80% 74.0% 6.0% 
100 135 35 80% 73.0% 7.0% 
100 140 40 80% 72.0% 8.0% 
100 145 45 80% 71.0% 9.0% 
100 150 50 80% 70.0% 10.0% 
100 155 55 80% 69.0% 11.0% 
100 160 60 80% 68.0% 12.0% 
100 165 65 80% 67.0% 13.0% 
100 170 70 80% 66.0% 14.0% 
100 175 75 80% 65.0% 15.0% 
200 205 5 80% 79.5% 0.5% 
200 210 10 80% 79.0% 1.0% 
200 215 15 80% 78.5% 1.5% 
200 220 20 80% 78.0% 2.0% 
200 225 25 80% 77.5% 2.5% 
200 230 30 80% 77.0% 3.0% 
200 235 35 80% 76.5% 3.5% 
200 240 40 80% 76.0% 4.0% 
200 245 45 80% 75.5% 4.5% 
200 250 50 80% 75.0% 5.0% 
200 255 55 80% 74.5% 5.5% 
200 260 60 80% 74.0% 6.0% 
200 265 65 80% 73.5% 6.5% 
200 270 70 80% 73.0% 7.0% 
200 275 75 80% 72.5% 7.5% 
100 105 5 40% 37.0% 3.0% 
100 110 10 40% 34.0% 6.0% 
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100 115 15 40% 31.0% 9.0% 
100 120 20 40% 28.0% 12.0% 
100 125 25 40% 25.0% 15.0% 
100 130 30 40% 22.0% 18.0% 
100 135 35 40% 19.0% 21.0% 
100 140 40 40% 16.0% 24.0% 
100 145 45 40% 13.0% 27.0% 
100 150 50 40% 10.0% 30.0% 
100 155 55 40% 7.0% 33.0% 
100 160 60 40% 4.0% 36.0% 
100 165 65 40% 1.0% 39.0% 
200 205 5 40% 38.5% 1.5% 
200 210 10 40% 37.0% 3.0% 
200 215 15 40% 35.5% 4.5% 
200 220 20 40% 34.0% 6.0% 
200 225 25 40% 32.5% 7.5% 
200 230 30 40% 31.0% 9.0% 
200 235 35 40% 29.5% 10.5% 
200 240 40 40% 28.0% 12.0% 
200 245 45 40% 26.5% 13.5% 
200 250 50 40% 25.0% 15.0% 
200 255 55 40% 23.5% 16.5% 
200 260 60 40% 22.0% 18.0% 
200 265 65 40% 20.5% 19.5% 
200 270 70 40% 19.0% 21.0% 
200 275 75 40% 17.5% 22.5% 
Table 4.2: Table showing the variables input into the porosity model and the values 
for the porosity drop that were calculated using equation 3. 
4.6 Case studies 
Four examples of differential diagenetic front advancement from different basins 
worldwide were chosen in order to replicate the patterns seen on seismic data and 
estimate the magnitude of the porosity drop across the opal-A to opal-CT boundary. 
In these case studies the relief of the DOC is already defined from seismic data, hence 
the relief model cannot be used (Le. this value is known and is used in the porosity 
model equation instead). Hence, the porosity model is used to try and estimate the 
magnitude of the porosity drop associated with the conversion. 
In the case studies I defined the initial thickness (Tj) as the final thickness (1f) 
(Le. the relief of the DOC) plus the amplitude of the differential compactional folding 
(see section 4.4.1), which is defined from the seismic data. In order for the porosity 
drop to be estimated the initial porosity must also be known. This information is most 
easily obtained from well data. This chapter has only got specific porosity data for the 
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North Sakhalin Basin. There is no porosity data available for the Faeroe-Shetland 
Basin. There is some well data available for the V0ring and M0re Basins. However, 
these are exploration wells and are of low data quality, especially at shallow depths 
where the opal-A to opal-CT boundary is most likely to be identified. At shallow 
depths the log quality is not very good because these depths are generally not of 
interest to hydrocarbon exploration. However, the scientific wells of ODP Leg 104 
(Norwegian Sea) can provide a good proxy for the initial porosity for the nearby 
V0ring and Mme Basins. The porosity data from ODP Leg 104 relates to unconverted 
diatomaceous sediments and ranges from 63 to 81 % with an average value, which is 
used in the examples below, of73%. 
4.6.1 North Sakhalin Basin (NSB) 
The morphologies associated with the diagenetic boundaries in the NSB were 
described in detail by Meadows & Davies (2007). Unreleased BP well data suggest 
that the bulk sediment in the NSB has a maximum initial porosity of 52%. For the 
purposes of modelling an example of a multi-kilometre scale depression and multi-
kilometre scale elevation (see Meadows & Davies 2007) were selected in order to 
estimate the magnitude of the porosity drop (Fig. 4.4). 
Seismic data defined the relief on the multi-kilometre scale depression as 250 
m and the amplitude of the differential compactional folding as 60 m (Fig. 4.4A), 
which will give an initial thickness of 310m. The porosity model suggested that the 
magnitude of the porosity drop is 11 % from 52% to 41 % across the boundary (Fig. 
4.4B). 
Seismic reflection data defined the relief on the multi-kilometre scale 
elevation as 150 m and the amplitude of the differential compactional folding as 45 m 
(Fig. 4.4C), which will give an initial thickness of 195 m. The porosity model 
suggested that magnitude of the porosity drop is 14% from 52% to 38% across the 
boundary (Fig. 4.40). 
4.6.2 Faeroe-Shetland Basin 
The ridge and trough morphology associated with the opal-A to opal-CT boundary in 
the Faeroe-Shetland Basin (FSB) was initially described by Davies et al. (1999) and 
Davies & Cartwright (2002) and with significant revised interpretation by Davies 
(2005). There is no available porosity data with which to define an initial porosity 
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value for the model 0 a value of 80% was used ba ed on ODP data of other ilica 
diagenetic boundarie ( ee Fig. 4. 3) . Seismic data defined the relief of the DOC a 75 
m and the amplitude of the differential compactional folding as 45 m (Fig. 4.5A), 
which wi ll give an initial thicknes of 120 m. The poro ity model suggest that the 
A 
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Depth of depression = 250 m 
Amplitude of folding = 60 m 
<1>, = 52% 
T,= 250 + 60 = 310m 
T,= 250m 
<1>, = 1- ((1-<1>,) T,I T,) 
<1>, = 1- ((1-0.52) 310 1250) 
<1>, = 41% 
Porosity drop = 11% 
D 
Height of elevation = 150 m 
Amplitude of folding = 45 m 
<1>, = 52% 
T,= 150 + 45 = 195m 
T,= 150m 
<1>, = 1- ((1-<1>,) T, 1 T,) 
<1>, = 1- ((1-0 .52) 195/150) 
<1>, = 38% 
Porosity drop = 14% 
= Amplitude of folding above the 
opal-A to opal-CT boundary 
Fig. 4.4: E timated poro ity values required to produce the differential 
compaction in the strata above the multi-kilometre scale depre ion and 
elevations identified in the SB. (A) Example of a depression ( I) from seismic 
data from the NSB. Note the anti formal folding in the strata overlying the 
depression (2). (8) Calculation of the porosity drop, associated with the 
depression , using the porosity model. (C) Example of an elevation ( I) from 
seismic data from the SB. Note the downward flexure of the overl yi ng trata 
(2) . (D) Calcu lation of the porosity drop associated with the elevation, u ing the 
porosity model. The purple dotted line on seismic data marks the po ition of the 
opal-A to opal-CT boundary, w hile the pale blue dotted line mark the opal-CT to 
quartz boundary. 
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magnitude of the porosity drop could have been 12% from 80% to 68% aero th e 
boundary (Fig. 4.58) . 
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Fig. 4.5 (previous page): Estimated porosity values required to produce the ridge 
and trough morphologies identified in the basin of the Northeast Atlantic margin. 
(A) Example of the ridge and trough morphology (1) from the FSB. The high-
amplitude reflections above the opal-A to opal-CT boundary are a gas cloud. (8) 
Calculation of the porosity drop using the porosity model for the FSB. (e) 
Example of the ridge and trough morphology (2) from the Voring Basin. (D) 
Calculation of the porosity drop using the porosity model for the Voring Basin. 
(E) Example of the ridge and trough morphology (3) from the More Basin, (F) 
Calculation of the porosity drop using the porosity model for the More Basin. 
4.6.3 VlJring Basin 
The ridge and trough morphology associated with the opal-A to opal-CT boundary in 
the Voring Basin is more pronounced than the smaller features seen in the FSB, with 
the ridges more columnar in shape (see Davies & Cartwright 2007) (Fig. 4.5C). There 
is no freely available porosity data for this basin so a value of 73% was used as the 
initial porosity value for the model; this is based on ODP data for siliceous oozes 
from nearby Leg 104 in the Norwegian Sea (Eldholm et al. 1987). Seismic data 
defined the relief of the DOC as 150 m and the amplitude of the differential 
compactional folding as 75 m (Fig. 4.5C), which will give an initial thickness of 225 
m. The porosity model suggests that the magnitude of the porosity drop could have 
been 13% from 73% to 60% across the boundary (Fig. 4.50). 
4.6.4 MlJre Basin 
The ridge and trough morphology associated with the opal-A to opal-CT boundary in 
the More Basin is more subtle than the features seen in both the Faeroe-Shetland and 
Voring Basins, with the ridges lower in height (see Davies & Cartwright 2007) (Fig. 
4.5E). Again there is no freely available porosity data for this basin so a value of73% 
was used as the initial porosity value for the model; this is based on ODP data for 
siliceous oozes from nearby Leg 104 in the Norwegian Sea (Eldholm et al. 1987). 
Seismic data defined the relief of the DOC as 50 m and the amplitUde of the 
differential compactional folding as 20 m (Fig. 4.5E), which will give an initial 
thickness of 70 m. The porosity model suggests that the magnitude of the porosity 
drop could have been 11 % from 73% to 62% across the boundary (Fig. 4.5F). 
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4.7 Effect of seismic velocity and other uncertainties 
It is possible that some of the diagenetic patterns replicated in this study might be a 
consequence of the substantial increase in seismic velocity associated with the 
transition of opal-A to opal-CT. Typically, the velocity in unconverted sediments is ..., 
1700 m S·I while it is ..., 2000 m S·I in converted sediments (e.g. Guerin & Goldberg 
1996). For example, 120 m thick bed sets in unconverted sediment with a seismic 
velocity of 1700 m S·I would have a thickness of 141 ms on a seismic line (Fig. 4.6A). 
If the velocity increases abruptly at the DOC, without an associated porosity drop, to 
2000 m S·I then a thickness of 120 m would only represent 120 ms on a seismic line. 
This would produce a 'pull-up' effect leading to an apparent decrease in inclination of 
bed sets beneath the DOC (Fig. 4.68). However, if the velocity remains constant 
above and below the DOC at 1700 m s·1 and a porosity reduction of 35%, from an 
initial porosity of 80% to a final porosity of 45%, then a thickness of 120 m would 
compact to 43.6 m, using equation 1, which would only represent 51 ms on a seismic 
line. The effect of the porosity drop associated with the conversion would produce a 
significant decrease in the inclination of the bed sets, due to the compaction, below 
the DOC (Fig. 4.6C). In reality there would be a combined effect on the inclination of 
the bed sets below the DOC resulting from both the velocity increase and porosity 
reduction (Fig. 4.6D). However, the combined effect only results in a slight decrease 
in the inclination of the strata when compared to the effect of the porosity reduction 
on its own, even at smaller reductions in porosity. Therefore, the change in porosity 
has more of an effect than the change in seismic velocity in affecting the strata as a 
result of the conversion of opal-A to opal-CT. Hence, the patterns seen on seismic 
data that result from differential advancement of the opal-A to opal-CT boundary are 
most likely to be a consequence of the porosity reduction, which has a significant 
effect on the seismic expression of the strata. 
An important uncertainty in the estimation of the porosity drop directly from 
seismic data is the value for the initial porosity that is selected for the model. This is 
because the amplitude of the folding caused by differential compaction, for a given 
value of porosity reduction, will vary depending on the initial porosity of the 
sediment. For example, using equation 1, a 25% porosity drop in a bed set 100 m 
thick undergoing conversion will result in a bed set 28.57 m thick for a drop from 
90% to 65%, while a reduction from 40% to 15% will result in a bed set 70.59 m thick 
(see Table 4.3). Hence, these differences in the amount of compaction due to differing 
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estimated to some degree of accuracy from seismic data (e.g. Fig. 4.5). Most ODP 
porosity data is calculated from cores, these maybe prone to expansion after the 
overburden pressure is released, therefore they might have an exaggerated value for 
porosity. However, biogenic siliceous sediments are primarily composed of diatom 
and radiolarian tests, which are resistant to mechanical compaction (Hesse 1990; Tada 
1991) even at depth; hence any exaggeration of porosity from core data is unlikely to 
be significant. 
Initial Final Porosity 
Porosity Porosity Drop Initial Final Thickness Change in 
(%) (%) (%) Thickness (m) (m) Thickness (m) 
90 65 25 100 28.57 71.43 
80 55 25 100 44.44 55.56 
70 45 25 100 54.55 45.45 
60 35 25 100 61.54 38.46 
50 25 25 100 66.67 33.33 
40 15 25 100 70.59 29.41 
Table 4.3: Table showing how the change in thickness, for a given porosity 
reduction, will vary depending on the initial porosity of the sediment. 
4.8 Discussion 
4.8.1 Usefulness of the models 
Of the two models used to try to estimate the porosity drop at the DOC in this chapter 
the most useful was the porosity model. This is because it fitted all the parameters 
known from the seismically imaged examples, such as the relief of the DOC and the 
amplitude of the differential compactional folding. The relief model is also useful, but 
generally the relief of the DOC and the amplitude of the folding will be known from 
seismic data and it will be the final porosity that will need to be calculated, hence the 
porosity model will be used instead. These models can applied to other examples 
where differential compaction occurs, such as carbonate mounds, which are generally 
resistant to compaction when compared to surrounding facies, in order to estimate the 
relative porosity drop. This process may only be applicable to examples where the 
differential compaction is of a high enough magnitude to be detected. 
4.8.2 Graphical trends 
Graphs plotted for the two models show that as the relief or porosity drop increase the 
amplitude of the folding increases as well with a linear relationship (Figs. 4.7 and 
4.8). The graph for the relief model (Fig. 4.7) shows that higher values for the 
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amplitude of the fo lding are a ociated with model that u e a hi gh initi al p 1'0 it 
with a large porosity drop. whil c models with lower initi al poro iti e and sn"l all cr 
porosity drops produce fo lding with lower amplitudes for the sam va lue of DO 
reli ef. Thc graph fo r the porosity model (Fig. 4.8) show larger porosity drops are 
associated with models that u e a high initial porosity v ith a large value fo r the rel ief 
of the DO . whil e models with lower initial poro ities and a lower va lue for thc I' li ef 
produce small er porosity drop for the ame alues for the amplitude of the fo lding. 
The graph in fi gure 4.9 plotted from the va lues in tabl e 4 .3 how how initi al porosity 
affects the thi ckness of the strata. It ha already been I ointed out that a 25 % drop 
from 90% will not produc th same effect , in terms of the change in thi cknc ,a a 
25% drop fro m 80% initial porosity (Fig. 4.9). The post-conversion thi ckne s ancl thc 
change in thi ckness are relat d to the initi al poros ity with an expon ntial relationship 
(Fi g. 4.9) . 
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Fig. 4.7: Graph showing the reli ef model relating relief of the DO 
amplitud for various initial and final poro ities. 
Th fact that the porosity drop for the two B exampl e (Fig. 4.4) w rc 
similar together with a p eific initial poro ity alue, w uld eem to indicat the t 
there is a porosity reduction of 11 -14% from 52% t 41 -3 % as ociated v ith th pal-
A to opal- T conversion in that ba in. The fact that the porosity drop are also ery 
similar (between II and 13%) for th thr e basin of th Northea t tl anti margin 
(Fig. 4.5) might indicate that the siliceous diment is b ha ing in the am way. Thi 
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could indicate that the sedi ment has a similar composition, which in tum will produce 
similar changes in poro ity (e.g. Isaacs 1981). However, the lack of an accurate va lue 
for the initial porosity in these basins could mean that thi s might not be the case and a 
different value for initial porosity might produce a similar range of result for thc 
porosity drops. 
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Fig. 4.8: Graph showing the porosity model relating poro ity drop against 
amplitude for various initial porosities and DOC relief. 
4.8.3 Required parameters 
During the creation of the porosity estimation models it became apparent that more 
precise parameters wou ld be required so that the magnitude of th porosity drop can 
be accurately estimated. There are three parameters that need to be accurately known 
in order to use the porosity model. The first parameter is an accurate value for the 
relief of the DOC, which can be used in the model a final thickne (7r). The ccond 
parameter is an accurate value for the amplitude of the differential compacti nal 
folding, which can be added to the relief to provide a value for the initial thickn 
(TJ The final parameter is a value for the initial porosity ((j)i), which detincs the 
magnitude of the compaction . By knowing the initial porosity the mod I will be able 
to use the porosity model to calcu late the exact value of the final poro ity, hence 
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Fig. 4.9: Graph showing the effect that the value of initial 
porosity that is input into the model will have on thickness, 
hence amplitude of the folding for a 25% porosity drop. 
Diamond = initi al porosity vs. final thickness after conversion. 
Squares = initial porosity vs. change in thickness after 
conversion. Note that the trends show an exponential 
relationship. 
g l Vll1g the 
magnitude of the 
porosity drop . 
The first two 
param cters can 
be worked ou t 
from seIsmIc 
data, but 
knowledge of the 
initi al porosity 
can only be 
gained ti'om well 
data. Hence, 
without an 
accurate va lue 
for the initial 
porosity there is no unique solution and the magnitude of the porosity drop cannot bc 
accurately estimated. It might also be useful to know the ilica content of the edimcnt 
because it is known to affect the initial and final porosities as well a the magnitudc of 
the porosity drop for each of the transitions (see I aacs 1981). The s i lica content also 
controls the position of the DOC; sediment with a high silica content has an ea rlier 
opal-A to opal-CT transi tion but a later opal-CT to quartz transition (e.g. William et 
(II. 1985). 
4.8.4 Causes o('d(fferentia/ advancement 
Many of the morphological features are a result of differential advancement and the 
associated differential compaction through porosity reduction . However, there are 
many processes that can cause differential advancement to occur. Davies (2005), 
Davies & Cartwright (2007) and Meadows & Davies (2007) have suggested several 
mechanism s: (1) a zo ne of denser hydrofracturing caused by fluid expulsion during 
the reaction could lead to enhanced fluid flow hence enhanced conver ion ; (2) latcral 
variation in the silica content of the sediment would lead to earlier conversion where 
the sediment was more silica-rich; (3) lateral variation in the thickne s of the strata 
would lead to preferential advancement where the strata i thinne t; (4) in the asc of 
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the Faeroe-Shetland Basin, fluid flow from underlying polygonal faults could result in 
differential advancement due to enhanced conversion in the strata above the fault tips 
and lastly (5) mass transfer of silica. The causes of these phenomena are not discussed 
in depth in this chapter - see Chapter 3. 
4.8.5 Remaining issues 
The main drawback in modelling the porosity drop using seismic data is that it 
probably only works for extreme and abrupt changes in porosity associated with 
diagenetic boundaries that are well imaged on seismic data. In other words where 
there is evidence of differential compaction from the seismic data, from which values 
for the relief of the DOC and amplitude of the differential compactional folding can 
be worked out. 
Throughout this chapter there has been the assumption that there is no mass 
transport of the mineral concerned, in this case silica, within the model. In the models 
the assumption was made that all of the compaction above the opal-A to opal-CT 
boundary was due to sudden reduction in porosity of the sediment as a result of the 
conversion. However, if mass transport occurred it would contribute to the amount of 
compaction that the sediment undergoes. This means any effort to estimate the 
magnitude of the porosity change from the amount of differential compaction 
measured from seismic data would be flawed as the models have not taken into 
account the possible effects of mass transport. There is little evidence for the mass 
transport of silica due to the conversion of opal-A to opal-CT and the minor 
redistribution that occurs happens on a localised bed-by-bed scale (e.g. Tada 1991). 
4.9 Conclusions 
Using the geometry of reflections to try to estimate the magnitude of the porosity drop 
from the differential compactional folding above the opal-A to opal-CT boundary on 
seismic reflection data is a viable method. However, it probably can only be used in 
specific circumstances where porosity reduction is significant. Therefore, this method 
should be acceptable for many uses, such as decompaction and basin modelling in 
extreme latitudes, where siliceous sediments predominate, where there is a need for 
porosity-depth trends. 
Three parameters are required in order for the value of the porosity drop to be 
estimated using the models: (1) relief of the DOC; (2) the amplitude of the differential 
92 
Chapter 4: Estimating porosity 
compactional folding of the strata above the diagenetic boundary; and (3) the value of 
the initial porosity. The first two are easily worked out from the seismic data. 
However, the .·last parameter requires access to porosity data from well logs, etc. 
without this value an accurate value for the final porosity cannot be given, only a 
range of possible porosity drops, with varying initial and final porosities, can be 
deduced from the models. Of these ranges only a few may be close to the true value of 
the porosity drop. 
The two models developed for the purpose of estimating the porosity drop 
show that there are several ways in which to replicate the patterns seen in the various 
seismic examples of silica diagenetic boundaries. However, it is the porosity model 
that is the closest to real-life as it matches the parameters that can be worked out from 
the various seismic case studies. Hence, the diagenetic frontal morphologies modelled 
in this chapter can be replicated using porosity variations in the sediment and 
differential advancement of the opal-A to opal-CT boundary. This validates the earlier 
hypotheses of Davies (2005) and Meadows & Davies (2007), which stated that many 
of the morphologies were the result differential advancement and lateral variations in 
the host strata that affected the position of the DOC and caused folding in the 
overburden strata. The differential compaction due to silica diagenesis is a 
fundamental process previously unrecognised with respect to sedimentary basin 
analysis and porosity estimation. 
In siliceous sedimentary successions, applying an exponential porosity trend 
may be inaccurate. This technique could be applied to some siliceous successions in 
extreme latitudes where the sediment is rich in biogenic silica, where the lack of 
commercial or scientific drilling means that no other prior information on porosity-
depth functions is available. 
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5.1 Implications for the analysis of silica diagenetic boundaries worldwide 
5.1.1 Stratigraphic position o/the boundaries in relation to the present day seabed 
Many of the first silica diagenetic boundaries to be identified were found to be parallel to the 
present day seabed (e.g. Hein et al. 1978). This observation, combined with the knowledge 
that the reactions are primarily controlled by temperature, led to the idea that diagenetic 
boundaries, specifically the opal-A to opal-CT transition, could be used as isothermal 
markers which would represent the temperature at which conversion occurred (e.g. Kuramoto 
et al. 1992). However, this use of the diagenetic boundaries as isothermal markers has been 
based on the observation that some boundaries are parallel to the present day seabed, and the 
assumptions that the basin has a uniform geothermal gradient and that the reaction occurs at a 
single temperature. It needs to be taken into account that even if the boundary can be used as 
an isothermal marker, the temperature of conversion needs to be known as this temperature 
can be highly variable, ranging from 2 to 56 °C (Hein et al. 1978; Keller & Isaacs 1985; 
Nobes et al. 1992a; Bohrmann et al. 1994) for the opal-A to opal-CT reaction. To do this 
accurate temperature data would be required from well data to produce a geothermal gradient 
that could be used to calculate the temperature of conversion. As has been observed in 
Chapter 2 in the NSB, as well as in several other basins, the diagenetic boundaries do not 
have to be parallel to the present day seabed but can be parallel to other prominent 
stratigraphic boundaries. In the case of the NSB the boundaries mostly show a high degree of 
parallelism to an unconformity that is Late Miocene in age. When the boundaries are not 
parallel to the present day seabed they are not present day isothermal markers, but are 
probably palaeo-isotherms parallel to a palaeo-seabed. This has implications for the 
identification of diagenetic boundaries worldwide in terms of whether they are parallel to the 
seabed or not; unless the diagenetic boundaries are parallel to the seabed they are unlikely to 
be present day isothermal markers. 
5.1.2 Boundary geometries 
The silica diagenetic boundaries from the NSB, which are described in Chapters 2 and 3, are 
amongst the largest diagenetic front patterns to have been studied so far, covering an area of 
107000 km2• Silica diagenetic boundaries, exhibiting various morphological features, have 
been identified in several basins worldwide, but mainly in the basins of the northeast Atlantic 
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margin (Davies & Cartwright 2002; Davies 2005; Davies & Cartwright 2007). In the basins 
of the northeast Atlantic margin (Faeroe-Shetland, Voring and More Basins) the 
morphologies of the diagenetic boundaries mostly adopt a cell-like or polygonal geometry as 
opposed to the geometries seen in the NSB that appear to be the result of the interference of 
the diagenetic boundaries with a layered stratigraphy. This cell-like geometry seen in the 
northeast Atlantic margin appears to mainly be the result of a combination of an underlying 
polygonal fault system and fluid flow along these faults enhancing the rate of conversion 
(Davies 2005). In the NSB there is no polygonal fault system that can influence morphology 
development; hence this specific polygonal geometry did not develop. 
It is possible that the morphologies of the NSB are a more fundamental manifestation 
of the processes of silica diagenetic front advancement than the more specialised process, 
resulting from underlying polygonal faulting, seen in the northeast Atlantic margin (Meadows 
& Davies 2007). It is likely that morphology development in the NSB is controlled by a 
complex natural system, which is influenced by a combination of different factors. The 
variety of morphological features so far identified from only a small number of basins could 
indicate that with the increasing coverage of 2D and 3D seismic surveys further geometries 
associated with silica diagenetic boundaries could be described. This in tum could lead to 
integrated 2D and 3D seismic recognition criteria, similar to figure 3.2, which could aid 
seismic interpreters in identifying and describing silica diagenetic boundaries wherever they 
are recognised. Also increased identification of silica diagenetic boundaries and their 
associated geometries will lead to a greater understanding of the various processes, such as 
fluid flow, that govern silica diagenesis. 
5.1.3 Porosity estimation 
The ability to use differential compaction of the overlying strata associated with some of the 
diagenetic boundary morphologies could prove to be very useful. Using information derived 
from seismic data together with knowledge of initial porosity, the porosity drop associated 
with the opal-A to opal-CT reaction can be calculated. This method can be applied to any 
silica diagenetic boundary identified on seismic data, as long as there are some other data that 
can be used to estimate initial porosity. This method could also be used to compare the 
responses of different sediments in different basins, which will have different compositions, 
to the conversion of opal-A to opal-CT. For example, sediment with a higher biogenic silica 
content will have a different magnitude of porosity reduction than a sediment with a higher 
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detrital content (e.g. the sediment has a higher proportion of clay with respect to biogenic 
silica). With further work and data the porosity drop associated with the opal-CT to quartz 
boundary can be factored into the model to give a more complete porosity-depth trend for 
basins that contain siliceous sediments. 
5.2 Use of diagenetic boundaries in basin analysis 
Silica diagenetic boundaries can have several uses in basin analysis. The boundaries, 
especially the more easily identifiable opal-A to opal-CT boundary, can be used in 
conjunction with knowledge of the geothermal gradient and stratigraphic position as a 
potential isothermal marker. Due to the large areal extent of silica diagenetic boundaries its 
use as an isotherm can be applied across a basin wherever the boundaries are identified and 
where they are parallel to the seabed, hence are present day isothermal markers. If the 
boundaries are palaeo-isotherms parallel to a palaeo-seabed then they cannot be used as a 
present day temperature marker in the basin, but can be used to give an indication that the 
prevailing conditions in the basin have changed since the boundaries originally formed, 
which has caused the rate of conversion at the boundary to slow and therefore can no longer 
maintain parallelism with the present day seabed (see Chapter 2.9 and 2.10). The diagenetic 
boundaries can hypothetically be used to estimate the general heat flow within the basin. For 
example, a stratigraphic high in the boundary compared to adjacent parts of the boundary 
might indicate that there is higher heat flow at that point of the basin compared to those 
adjacent parts (see Chapter 3.5). 
The differential compaction associated with the silica diagenetic boundaries, together 
with knowledge of initial porosity, can be used to give an indication of the porosity drop 
associated with the transitions (see Chapter 4). This in tum can be used to create a porosity-
depth trend across the diagenetic boundaries for a basin containing siliceous sediments, 
which would be useful if little or no other data existed for that particular basin. This method 
to estimate the porosity reduction would only be able to be used if the magnitude of the 
differential compaction in the overlying strata was large enough to be detected on seismic 
reflection data. 
5.3 Implications for hydrocarbon exploration 
The high-amplitude, positive polarity, cross-cutting nature of the silica diagenetic boundaries 
mean that they have the potential to be mistaken for hydrocarbon flat spots, which exhibit 
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very imil ar attrib ute w hen een on e i mic refl ection da ta (Fig. 5 .1 ). There are everal ways 
in which di agenetic boundari and fl at pot can be di ffe rentia ted : (1) di agen tic bo undari e 
are generall y more laterall y e ten ive and cover a great r area of a basin ; (2) w ith increa ed 
quality of eismic refl ecti on data di agenetic boundari e have been ob erved to be associated 
w ith variou fro ntallboundary morphologie (ee Chapter 3, Fig. 3.2), which read il y 
di stingui h them from hydro arb n fl at pot; (3) fla t pot are generall y limi tcd to tructural 
trap , such as anticl ine , whil e di ageneti c boundari e are not; and (4) ili ca di ag net ic 
boundari e will onl y occur in ili ceous diment , hence analy i of avail able well data w ill 
either indicate that di ageneti c boundari e are present (by drilling through them) or if caution 
should be used in identi fy ing cro -cutting, positi ve po larity, high-amplitude el mlc 
reflecti on (if the well how a high biogenic ilica content of the ediment). 
Fig. 5.1: Sei mic line from the FSB illu trating th imilaritie between the refl ections 
that repre ent ilica diagenetic boundaries and hydrocarbon flat pots. 
An y attempt to determine the thennal maturity of a ba in using ilica di agenetic 
boundari a a pre ent day i othennal marker, if they are not parallel to the pre ent day 
seabed, could lead to ignifi cant error and might re ult in potential ource rock be ing 
categorised a under o r 0 emlature and entire ba ins being written off as potential 
hydrocarbon re erves. Diagenetic boundarie could be useful in detennining basin thermal 
maturity, especiall y in Arctic exploration, if enough time (thou ands to millions of year -
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e.g. Tada 1991) passes for the boundaries to acquire equilibrium with the prevailing 
conditions in a basin. However, they are easily disrupted by changing conditions and could 
display palaeo-isothennal behaviour as shown by some boundaries that develop parallel 
relationships to prominent stratigraphic horizons. 
5.4 The need for well data 
One of the prevailing issues concerning this thesis is the lack of well data to support the 
research. It is unfortunate there was limited access to well data for the various themes 
addressed in this thesis. However, the limited data available (see Chapter 1.6 and Appendix 
II) was sufficient to support the observations and interpretations derived from seismic data. 
Access to additional non-seismic data would have been useful as it would have provided 
more evidence to support the interpretations and would have provided additional analytical 
tools. For example, porosity data, both initial and final porosities, could have been used to 
help validate the method of estimating the porosity reduction; while detailed thennal, 
lithological and biostratigraphical data could have been useful to help understand the reasons 
why some silica diagenetic boundaries are parallel to prominent stratigraphic boundaries and 
are no longer isothennal markers parallel to the present day seabed. Such data would also 
have been useful to help understand the processes that cause the various frontal morphologies 
to develop along the diagenetic boundary. Finally a full set of geophysical attributes for the 
NSB, including P- and S-wave velocities and bulk density, could have been used to generate 
a synthetic seismogram for that basin. Then it would have been possible to tie the seismic 
data to the well data, showing conclusively that the high-amplitude, cross-cutting, positive 
polarity reflections were the result of physical property changes associated with the silica 
diagenetic boundaries. 
5.4.110DP wells 
Throughout the thesis available OOP wells have been used as a guide to understanding the 
physical property changes associated with the silica diagenetic reactions (see Chapter 1) and 
as a source of data to use as an estimate for initial porosity for nearby examples (see Chapter 
4). However, the lack of lOOP (fonnerly known as the ODP) wells specifically targeted to 
study a basin-scale occurrence of silica diagenesis has limited our understanding of the 
various aspects of this complicated phenomenon. It would be beneficial to have a dedicated 
lOOP leg to study basin-scale silica diagenetic boundaries, such as those identified in the 
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FSB or NSB, with some of the wells located so that they drill some of the interesting 
boundary morphologies described by Davies (2005) and Meadows & Davies (2007). These 
wells would provide a full set of physical and chemical data that could be used in conjunction 
with seismic reflection data to analyse silica diagenetic boundaries. 
5.4.2 What would be required/or an ideal dataset? 
Based upon what is written in sections 5.1 and 5.4 the following would be required for the 
ideal dataset: 
• Extensive coverage of both 2D and 3D seismic reflection data over a particular basin 
in which silica diagenetic boundaries occur, to allow for detailed analysis of the 
morphologies and of the stratigraphic position of the boundaries. 
• Wells drilled through both the opal-A to opal-CT and opal-CT to quartz boundaries to 
provide lithological, chemical and physical data above and below each of the 
boundaries. 
• The physical data would ideally include: seismic velocities (both P- and S-wave), 
density and porosity, which would be useful in producing synthetic seismograms and 
calibrating porosity estimation using differential compaction. 
• Additional data would also include information on sedimentationlburial rates both 
past and present, as well as geothermal data and any data that might indicate 
differences between the present day temperature and palaeo-temperature of a basin, 
such as vitrinite reflectance. 
5.S Geological phenomena associated with silica diagenesis 
The silica diagenetic reactions are increasingly being linked to other geological phenomena 
which have been identified on seismic reflection data. These phenomena appear to originate 
from or have their bases at the silica diagenetic boundaries, particularly the opal-A to opal-
CT boundary. This has led some to speculate (e.g. Volpi et al. 2003) that the reactions are 
initiating these features primarily through fluid expulsion caused by the dissolution-
reprecipitation phase changes and porosity reduction, which in tum can lead to the generation 
of overpressure in the overlying strata. 
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5.5. J Fluid/loll' due to silica dt"lwenesis 
The seismic reflection data from the B provide vidence for focussed fluid flow- and 
overpre ure-feature that have formed directly above the opal-A to opal-CT boundary. These 
features are probably r lated to the tran ition of opal-A to opal -CT cau ing poro ity reduction 
and fluid expul ion (Da ie el al. 200 ). These feature include noml al faulting and fluid 
e cape structure . Pair of near- ertical normal fault ccur in the ediment above the opal-A 
to opal-CT boundary. formin g a 'hoI' t and graben-style' pattern (red dashed lines and marked 
Z, Fig. 5.2). The fault generally b gin at the opal-A to opal-CT boundary and tip out in the 
sediment - 500 m above the boundary. The fault how - \ 0-20 m of displacement and the 
distance between each fault pair i 0 .5-1 km. Fluid escape structures occur a a column of 
downwarped and di rupted r fl ector (marked X, Fig. 5.2) that oliginate at the opal-A to 
opal-CT boundary, which ha e pockmark on the eabed (marked Y Fig. 5.2) directly above 
the point of origin. ot all the e structures reach the eabed. The columns are generally 
thinner at the base than they are at the top. The heights of the columns depend on the 
thickness of the sediment above the opal-A to opal-CT boundary, but are - I km wide. 
sw 
.•... --... F.ult pl.1Ie 
._ •• _ ... Rel.tlye direction 
ofmoyemenl 
>---f: Direction of fluid flow 
o 
' " . 
Fig. 5.2: Seismic line showing an example of structures resulting from 
overpressure relea e and fluid flow caused by the opal-A to opal-CT tran Itlon. 
Note the disrupted and downwarped reflectors (X) that originate from the opal-A 
to opal-CT boundary, which have pockmarks (Y) directly above them. The e 
possibly result from the compaction of the strata due to fluid flow. A combination 
of pressure increase and fluid expulsion due to the transition can lead to expan ion 
in the trata above the boundary re ulting in normal faulting (Z) . 
Figure 5.3 shows how overpre sure- and fluid flow-related features as ociated with 
the opal-A to opal-CT tran ition evolved. The transition of opal-A to opal-CT re ults in the 
expulsion offluids (marked 3, Fig. 5.38) into the porou sediments above the front due to the 
porosity reduction associated with the phase change. This can cause a zone of overpressure to 
fonn above the boundary (marked 4, Fig. 5.3B) if the overlying sediment ha a low 
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permeability. The release of the overpres ure (marked 5, Fig. 5.3C), poss ibl y due to remova l 
of overburd n a a re ult of ero ion (marked 8, Fig. 5.3C), cause a vari ety of fI ature to 
fonn. Fluid e cape structure (marked X, Fig. 5.2 and marked 6, Fig. S.3C) forl11 as a column 
that is sometimes topped by a pockmark if it reaches the seabed . Compaction in the bed set 
above this part of the front due to the upward flow of fluid s cause the downwarping of the 
seismic refl ctors. ortnal fa ulting (marked Z, Fig. 5.2 anclmarkecl 7, Fig. 5.3C) is cau ed by 
a combinati on of pre ure ll1erease due to the opal-A to opa l- T tran ition and fluid 
expulsion leading to expansion in the ediments above the hont, which is accommodated by 
the generation of a seri es of normal fau lt . 
A 
Seabed 
1 
-2- - - - - - - - - - - - - - - - - - - - - - - - - -
B 
1. Bed sets/seismic reflectors. 
2. Opal-A to opal-CT diagenetic boundary. 
3. Expulsion of fluids due to opal-A to opal-CT 
transition. 
4. Zone of overpressure caused by the expulsion of 
fluids into pore spaces . 
5. Overpressure released. 
6. Fluid escape structure wilh pockmark on the 
seabed ; compaction in the bed sels above this part 
of the front due to the upward flow of fluid causes 
Seabed downwarping of the seismic reflectors (Fig . 5.2). 
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7. Pressure increase due to the opal-A to opal-CT 
transition and fluid expulsion leading to expansion 
in the sedimenls above the front producing normal 
faulting (Fig . 5.2). 
8. Erosion, leading 10 the removal of overburden , 
possibly causes the release of the overpressured 
zone above the diagenetic front. 
Fig. 5.3: A 3-stage chematic model howing the evolution of overpres ure- and 
fluid fl ow-related feature associated with the opal-A to opal- T transition. (A) 
Deposition of the di atomaceous sed iments and burial to the depth of conver ion 
(DO ) where the opal-A to opal-CT diagenetic front fonn . (8) The tran ition f 
opal-A to opal-CT lead to the expulsion of fluid s (3) due to the POl'O ity reduction 
causing a zone of overpre sure (4) to form above the front. (C) The release of the 
overpre sure (5), po sibly due to the erosion of the 0 erburden (8), cau e a 
variety of features to f0l111 (6 and 7). See text for fUliher explanation. 
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5.5.2 Submarine slopefailure triggered by silica diagenesis 
Davies & Clark (2006) suggested that some submarine slope failures along the northeast 
Atlantic margin could be attributed to silica diagenesis. The rapid compaction and fluid 
expulsion associated with the transition of opal-A to opal-CT could lead to the overpressure 
of the overlying sediment. Overpressure reduces the shear strength of the sediment making it 
more susceptible to failure (Davies & Clark 2006). 
5.5.3 Giant clastic injectites 
Postdepositional soft sediment deformation is a common phenomenon that occurs in many 
tectonic and depositional settings. Davies et al. (2006) attributed large-scale clastic injectites 
to be a result of overpressure generated in the sediment by transition of opal-A to opal-CT. 
The transition of opal-A to opal-CT can lead to a sudden, marked reduction in porosity and to 
the liberation of structurally bound water, often at shallow depths «0.5 km). This can lead to 
the generation of overpressure in overlying sediments, hence rendering these sediments 
primed and susceptible to remobilisation as injectites (Davies et al. 2006). 
5.6 Seismic diagenesis 
The primary focus of the thesis has been the selsmlC expresslOn of silica diagenetic 
boundaries. However, the same analytical methods can be applied to other diagenetic 
processes that could be identified on seismic reflection data. This investigative technique 
could be termed 'seismic diagenesis', which is defined in this thesis as the study of diagenetic 
processes using 2D and 3D seismic reflection data as the principal analytical method. The 
field of seismic diagenesis could be used on other diagenetic processes including the 
precipitation of cements in pore spaces and the transition of clay minerals, such as the 
conversion of smectite to illite. Seismic diagenesis can be applied to any diagenetic process 
that causes changes in the physical properties of the host sediment which in tum can be 
detected on seismic data. Seismic diagenesis provides an additional and useful investigative 
tool for use in the fields of basin analysis and hydrocarbon exploration. 
5.7 Remaining questions and uncertainties 
Most of the mechanisms for the development of regional-scale diagenetic front morphologies, 
palaeo-isothermal behaviour of the diagenetic boundaries and for the parallel relationships 
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with specific stratigraphic horizons other than the seabed remain speculative in the absence of 
additional detailed borehole data. Hence, with respect to the NSB and many other basins 
where silica diagenetic boundaries have been observed, multiple scientific drilling, sampling 
and examination of such phenomena would be required. The main drawback in using 
differential compaction to model the magnitude of the porosity drop is that it probably only 
works for extreme and abrupt changes in porosity associated with silica diagenetic boundaries 
that are well imaged on seismic data. In other words, these extreme and abrupt changes in 
porosity produce differential compaction of the overburden above the opal-A to opal-CT 
boundary, which is large enough to be identified and measured on seismic data. 
5.S Implications of this thesis 
The research presented in this thesis illustrates the potential of the use of seismic diagenesis 
as an investigative tool within the field of basin analysis. The analytical methods used in this 
thesis can be applied to other diagenetic processes that could potentially be identified on 
seismic reflection data. As a whole this thesis has contributed to our knowledge and 
understanding regarding the recognition and description of silica diagenetic boundaries on 
seismic data. Chapter 2 implies that when the silica diagenetic boundaries are not parallel to 
the present day seabed, but are parallel to other prominent stratigraphic horizons, such as 
unconformities, the boundaries probably cannot be used as present day isotherms with which 
to work out the thermal structure of a particular basin. This aspect of the thesis can be applied 
to analysis of the thermal structure of other basins where diagenetic boundaries are parallel to 
stratigraphic horizons other than the present day seabed. The boundary morphologies 
described in Chapter 3 increases the number of known morphologies associated with the 
silica diagenetic boundaries. This provides the basis of a standardised categorisation system 
(Fig. 5.4) for the recognition of these boundary geometries on seismic data from different 
basins worldwide. This thesis also provides a tentative explanation for the cause of these 
morphologies based upon fluid flow, fracturing and variations in lithology in addition to 
interaction with an inclined and deformed host strata. Chapter 4 provides a method of 
estimating the change in porosity across the opal-A to opal-CT boundary based upon the 
amount of differential compaction observed in the strata above the boundary and limited 
knowledge of initial porosity. This methodology can be applied to silica diagenetic 
boundaries or to any other process that causes significant amounts of differential compaction 
that can be identified on seismic data. This method would be very useful in basins where 
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there i exten 1\ e scism ic data but lim ited \ ell data. Hence the tlndings of the research 
pre nt d in thi s thesis will prov' app li able to many a pect of basi n analys is. 
(A) Planar front 
ront 2 
Bed sot 
1% i6 
O.51tm 1km 
- --
ometre scale dep 
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Fig. 5.4: Intcgrated chemati c diagram ummari ing the kcy seismic attributes of vari u 
20 (A- I - from figur 3.2) and 3D morphological feature (J - modifi ed from : Davi 
2005 ; and K - modifi d from : Davies & altwright 2007). ( I) Lack f fi·ontal relief; (_) 
Track strati graphy; (3) P elldo-antiform ; (4) Ps udo-synform ; (5) Front i parallel to a 
higher tratal r fl e tion ; (6) p-dip' a -tooth' pattern of fro nt a it cros -cut inclin d 
tratigraphy; (7) Sa e attach d t main diagenetic front ; ( ) Concav -upward hape with 
tapering margin ; (9) Flat to dome shap ; (10) Sa e detached from main diagenetic front ; 
(11) Slight concave-ul ward to longat hape; ( 12) Terrace; (13) G ntl e antifi Ilnal 
folding; (14) Downward fl e ur of overl ying diment; (15) Polygonal faulting; (16) 
Ridge; (17) Trough ; (18) Direction of diagenetic front advancementlfluid flow ; (19) 
Differential ompacti n; (20) Merging of adjacent ridg as a r ult of lateral fr nt 
advancement t ntuall y pr du ce a pl anar front. 
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5.9 Future directions of research into seismic diagenesis 
Much of the future research into seismic diagenesis will probably concentrate on integrating 
seismic analysis of diagenetic boundaries with well data to create a more complete 
understanding of the processes that are occurring within a basin. With respect to silica 
diagenesis it would be expected that there would be more research into identifying other 
examples on seismic data from other basins worldwide and expanding the amount of 
recognised boundary morphologies to produce a standardised categorisation system for 
geometry identification (Fig. 5.4). There will also be more work into identifying the 
processes behind the development of the diagenetic boundary morphologies and into the 
relationship between silica diagenetic boundaries being parallel to prominent stratigraphic 
horizons other than the present day seabed and how that probably relates to a basin's present-
and palaeo-thermal regime. The porosity estimation method using differential compaction 
worked out from seismic data can be further applied by using the method on other examples 
where porosity reduction across a diagenetic boundary needs to be calculated. Finally, it can 
be expected that seismic diagenesis will be applied to other diagenetic processes such as 
quartz and calcite cementation and smectite-illite clay diagenesis. 
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6.1 Reminder of aims and objectives 
• To use 2D and 3D seismic reflection data to identify the diagenetic fronts and work 
out their morphology and areal extent. 
• To understand the possible mechanisms and processes behind the development of the 
diagenetic boundaries. 
• To understand the role that these diagenetic processes can potentially play within 
sedimentary basins, in terms of differential compaction and hydrocarbon exploration. 
6.2 Summary of main findings (Fig. 6.1) 
;. 
• Silica diagenetic boundaries are probably not present day isotherms where they have 
parallel relationships with prominent stratigraphic horizons other than the seabed (see 
Chapter 2, sections 2.8, 2.9, 2.10 and 2.12). 
• Silica diagenetic boundaries of the NSB reveal a number of morphological features 
that form as a result of the interference of the diagenetic boundary with inclined and 
folded stratigraphy as well as with variations in fluid flow, lithology and fracturing of 
the host strata (see Chapter 3, sections 3.5, 3.6, 3.8 and 3.9). 
• The differential compaction of the strata above the opal-A to opal-CT boundary on 
seismic reflection data can be used to try to estimate the magnitude of the porosity 
drop associated with the reaction (see Chapter 4, sections 4.4, 4.5, 4.6, 4.8 and 4.9). 
6.3 Overall conclusions 
S.ilica diagenetic boundaries are dynamic, time-dependent phenomena that have been 
~ver1ooked in terms of their importance in the evolution of sedimentary basins. Seismic 
'J. 
Il?alysis has a significant role to play in understanding how the boundaries develop and how 
, 
their formation changes the properties and structure of the host sediment. Analysis of seismic 
, . 
reflection data from basins where siliceous sediments predominate reveal a variety of 
,1 
morphological features associated with both the opal-A to opal-CT and opal-CT to quartz 
~ . 
houndaries. These frontal geometries associated with silica diagenetic boundaries form as a 
~ ~ :~ 
result of the interference of the diagenetic front with inclined and folded stratigraphy as well 
if 
as with variations in composition and rheology of the host lithology. The boundaries can be 
identified and correlated over regional scales, often covering areas of up to lOS km2• 
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Chapter 6: Conclusion 
Fig. 6.1 (previous page): Schematic summary diagram showing some of the main 
findings of this thesis. (A) Diagram showing the opal-A to opal-CT diagenetic boundary, 
cross-cutting the host strata, parallel to an unconformity meaning it can be used a palaeo-
isotherm. Assuming that the geothermal gradient is 40°C km- I , which has not altered 
since the development of the diagenetic boundary, the graph shows the geothermal 
gradients for the past (when the unconformity was the seabed) and present day. (8) 
Diagram showing the detail of the opal-A to opal-CT boundary. The various 
morphological features form as a result of a combination of interference of the diagenetic 
front with the stratigraphy and the development of seed areas (see Chapter 3 and Figs. 3.7, 
3.8 and 3.9). The graph illustrates a typical porosity-depth trend expected from strata 
containing an opal-A to opal-CT boundary. (1) Serrated patterns; (2) Attached wing; (3) 
Single-tiered detached wing; (4) Multi-tiered detached wing; (5) Boundary cross-cuts an 
anticline; (6) Multi-kilometre elevation; (7) Differential compaction in overlying 
sediment. Both graphs were calculated from the position of the well. The diagram 
assumes the opal-CT to quartz boundary is not present. 
The frontal geometries can be explained in terms of variations in the relative rates of 
front advancement, which are probably controlled by lithological variations, the inclination of 
the host strata and feedback between diagenesis and hydro fracture generation (Figs. 3.7, 3.8 
and 3.9). The differences between the morphologies developed in different basins indicate the 
factors affecting the rate of advancement of the boundaries and the growth of the various 
morphological features differ depending on the stratigraphic, sedimentological and structural 
architecture of that particular basin. Therefore, within individual sedimentary basins there 
could be unique morphologies due to the differences in the factors controlling the 
development of the diagenetic boundaries. The factors that influence the geometry of the 
boundaries includes: (1) the location and extent of fluid flow conduits, such as 
hydrofractures; (2) pore water chemistry; (3) host rock lithology: and (4) variations in heat 
flow. 
The tendency of diagenetic boundaries to be parallel to other prominent stratigraphic 
boundaries, such as unconformities, indicates that they are easily disrupted by changing 
conditions within a basin and can potentially develop into palaeo-isothermal boundaries 
parallel to a palaeo-seabed. In the NSB both of the silica diagenetic boundaries are mostly 
parallel to the Late Miocene unconformity and represent palaeo-isotherms parallel to a Late 
Miocene seabed. The possible mechanisms that cause diagenetic boundaries to exhibit 
palaeo-isothermal behaviour are discussed in detail in Chapter 2, but are related to changes in 
the rate of conversion at the boundaries as a result of changes in the thermal regime, 
lithological effects and/or changes in burial rate. Therefore, as a result of those mechanisms 
that cause palaeo-isothermal behaviour, silica diagenetic boundaries are probably not good 
present day isothermal markers. 
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The silica transitions are dehydration reactions that lead to the expulsion of water at 
the diagenetic boundaries which in turn leads to the generation of overpressure and fluid 
flow-related features in the sediments overlying the boundaries (Figs. 5.2 and 5.3). In this 
thesis it has been observed that differential advancement of the diagenetic boundaries, 
especially the opal-A to opal-CT boundary, can cause folding in the overburden. This 
differential compaction is the result of the significant porosity reduction associated with the 
reaction, which causes defonnation in the overlying sediments. Where differential 
compaction takes place, areas of preferential front advancement are overlain by depressions 
caused by differential subsidence (Fig. 3.10 and 4.1). Using the amplitude of the folding due 
to differential compaction to try to estimate the magnitude of the porosity drop associated 
with the opal-A to opal-CT transition on seismic reflection data can be a viable method. 
However, it probably can only be used in specific circumstances where porosity reduction is 
significant. Therefore, this method should be acceptable for many uses, such as decompaction 
and basin modelling in extreme latitudes, where siliceous sediments predominate and there is 
a need for porosity-depth trends. This technique could be applied to some siliceous rich 
successions in extreme latitudes where biogenic silica is rich, where the lack of commercial 
or scientific drilling means that no other prior infonnation on porosity-depth functions is 
available. 
The recognition of silica diagenetic boundaries on seismic data has the potential to be 
an important aspect of basin analysis and hydrocarbon exploration. The diagenetic boundaries 
have a substantial effect on the surrounding stratigraphy through the generation of high-
amplitude cross-cutting boundaries with varied frontal morphologies, the generation of 
fractures together with other fluid flow-related features and the deVelopment of differential 
defonnation in the overburden. The precise diagenetic processes governing the deVelopment 
of silica diagenetic boundaries cannot be accurately detennined using seismic reflection data 
alone and should be combined with other sources of available data. However, the 
visualisation of diagenetic boundaries within a basin using seismic reflection data can be a 
very useful analytical tool at this large regional scale. 
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Appendix I: Seismic I nterpretation and Processing Methodologv 
When studying the seismic data the following criteria were used to decide if a parti cul ar 
seismic hori zon should be mapped: (I) is it important with respect to understanding the silica 
diagenetic processes, such as the diagenetic boundaries them selves; and/or (2) is it impol1ant 
to help understand the overall stratigraphy of the basin, such as the po ition of the top of the 
basement. 
The following table shows a list of the seismic horizons mapped during the course of thi s 
project: 
Horizon Name Survey Description 
3d dm basement 3D 
3d dm ct 3D 
3d dm _palaeosb 3D 
3d dm _qtz 3D 
3d dm seabed 3D 
2d dm basement 2D 
2d dm ct 2D 
2d dm qtz 2D 
2d dm seabed 2D 
2d dm uc 20 
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Fig. ALI: Screenshot showing the positions of the seismic surveys in the NSB. The 
opal-A to opaJ-CT boundary interpretation is shown on this map. The blue rectangle on 
the map denotes the position of the 3D survey. 
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N 
1 
Fig. A1.2: 
Screenshot 
showing the 
interpreted seabed 
horizon from the 
3 D survey. Note 
the seabed 
lopes away to the 
east, I.e. to the 
more distal palis of 
the NSB. 
Fig. A1.3: 
Screenshot 
showing the 
interpreted opal-A 
to opal-CT 
boundary horizon 
from the 3D 
survey. Note that 
the boundary was 
not identified on 
the data In the 
eastern part of the 
3D survey. 
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Fig. AI.4: Regional seismic line illustrating the tectono-stratigraphic setting 
of the NSB. The silica digenetic boundaries are not identifiable on this line. 
See figure 2.1 for the colour key to the stratigraphic subdivisions. 
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Fig. AI.5: Regional ei mic line illustrating the tectono-
stratigraphic etting of the NSB. Only the opal-A to opal-
CT diagenetic boundary is identifiable on this line. See 
figure 2.1 for the colour key to the tratigraphic 
subdivisions. 
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Fig. A1.6: Regional eism ic line illu trating the 
tectono-stratigraphic setting of the NSB . The 
ilica digenetic boundaries are not shown. See 
figure 2. 1 for the co lour key to the stratigraphic 
subdivision. 
Information regarding the seismic data: 
Additional sei mic parameter data associated with the SB survey 
Acquisition Who Depths: Cable Gun Near Filters 
Date Source/Cable Length pressure Offset 
2004 DMNGITGS 6m/8m 6000m 2000psi 125m 3-
206Hz 
Sampling/Length 
2m /8-12 
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Field Recording (This section is taken from a DMNG-TGS-NOPEC report on the seismic 
processing of the SA04 survey - permission to reproduce in this thesis granted by BP and 
DMNG-TGS-NOPEC. Report translated into Englishfrom Russian) 
Field seismic surveys for Project SA04 was carried by Seismic Vessel "Zephyr-I" in July-
September 2004 using 120/80*-multiple CDP with end-on spread geometry and using 
hardware as follows: 
Streamer 
Streamer type 
Number of traces 
Group length 
Number of phones per group 
Near trace 
Near trace offset 
Streamer depth 
Seismic Source 
Type 
Gun volume 
Air pressure 
Source depth 
Shot point spacing 
Recording details 
Seismic Station 
Filtering 
Record length 
Sampling 
Record delay 
Tape format 
Low Cut 
High Cut 
SYNTRAKRDA 
480 
12.5 m 
16 
480 
125 m 
8m 
Tuned Bolt array 
2940 eu in 
2000 psi 
6m 
25/37.5* m 
Syntrak 960-24 
3 Hzl12 dB 
206 Hz/276 dB 
8192/12288* msec 
2msec 
60msec 
SEG-D 8048 
Note: * - characteristics for line SA04-11O 
125 
Appendix I 
Processing sequence (This section is taken from a DMNG-TGS-NOPEC report on the 
seismic processing of the SA 04 survey - permission to reproduce in this thesis granted by BP 
and DMNG-TGS-NOPEC. Report translated into Englishfrom Russian) 
Data processing was carried out on SUN Enterprise and IBM computers using processing 
packages GEOCLUSTER and PROMAX in September-December 2004. The processing 
sequence used on the seismic surveys is outlined in order below. 
1. Data input. geometry 
During data input SEG-D format was converted into Geovecteur format. 
Acquisition· geometry was described in accordance with marine survey details and was 
entered into seismic trace headers. Raw data were amended with 60 sec owing to equipment 
delay. 
2. Gain recoverylresampling 
In the preprocessing stage, compensation of geometrical spreading effect was done using 
REFOR module with amplitude factor 1.5. 
Thereafter, obtaining a final velocity model, dynamic compensations were reused with using 
SDICO module (subject to amendments for geometrical spreading as a function of velocity 
and offset) and EXPEN module for additional compensation of absorption and scattering 
effects. 
Data resampling (from 2 msec to 4 msec) was carried out after band-pass minimum-phase 
filtering within 4-8-90-110 Hz frequency range. 
3. Minimum phase deconvolution 
Minimum phase deconvolution was carried out with using W APCD module within 4-8-90-
110Hz frequency range. Deconvolution operator calculation was carried out as per signature 
calculated for actual used shot environments and seismic data recording. 
4. First velocity analysis 
Preliminary velocity analysis (VESPA module) was carried out discretely with line interval 
of5000 m and creating super gathers from 15 CDP. 
For Quality Control of the original wave field, control stacking was carried out with a 4 CDP 
increment. 
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5. F-Kjiltering and reduction 
Suppression of low-velocity line interferences and partial removal of multiples was carried 
out using combined F-K filters as per seismograms SP (FKFIL module). 
Filtering details are as follows: 
Type of filter 
Filter details 
Area of application 
Tapering zone 
Filter details 
Area of application 
Tapering zone 
Rejection filter 
EJ (-6000,-700,E99,P6) 
EJ(1000,2300,E99,P6) 
from seabed level 
500 msec 
EJ(1800,3100,E99,P6) 
500 msec lower than seabed level 
500 msec 
Filtering was carried out with a frequency range of up to 110Hz. All filters were used as an 
aliasing frequencies suppression option. Spatial smoothing of amplitude anomalies as shot 
point seismograms as well as a reduction/editing of reading with anomaly high amplitUdes 
was carried out on statistical model basis using module SPASM. 
6. Trace decimation 
In order to eliminate random noise and non-coherent, near trace decimation was carried out in 
SP spacing with using MOST A module. This procedure was carried out with using normal 
moveout corrections and subsequent redefinition of spread geometry. 
7. F-Kjiltering 
In order to suppress seabed multiple wave intensive background (waves with the velocity of 
1470 m/sec) rejection filter was used (FKFIL module) as per CDP seismograms. Preliminary 
wrap around NMO with velocity of V=1470 m/sec were applied to seismograms. Filtering 
details: 
Type of filter 
Filter details 
Area of application 
Rejection filter 
EJ( -16500,-4500,E99,P6) 
T=LFD*1.7 
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Filtering was carried out with a frequency range of up to 100 Hz. Filter velocity details were 
defined after application of nonnal moveout corrections and apparent velocity correction 
V=1000Om/sec. 
8. Second velocity analysis 
Second velocity analysis (VESPA) was carried out discretely with line interval of 2000 m. 
Stacking was carried out every 4 CDP for quality control. The results of velocity analysis 
were used for RADON-filtering procedure. 
9. Predictive deconvolution 
Predictive deconvolution was applied for recovery of higher frequencies, suppression of 
reverberation effect and short-period multiple waves. Deconvolution details were chosen on 
test basis as per the following procedure: 
Prediction interval test 
Operator length test 
8-36 msec 
120-600 msec 
Operators calculation window test 1.5-4.0 s 
and in running window with the space of 0.5 s. 
Combined multi-channel filter test 7-51 trace 
As a result of testing deconvolution details accepted as follows: 
Module TRIT A 
Type time-variant, multi-channel predictive deconvolution 
Operator calculation windows W 1 SO - W 2200 msec 
Operator length 
Prediction interval 
Operator calculation base 
Calculation area 
10. Multiple suppression 
W 1700 - W 4500 msec 
L 360 / L 360 msec 
28/36 msec 
31 trace 
CDP 
Suppression of mUltiple waves of different types as well as related circuit noises was carried 
out using RADON high-resolution parabolic transfonnation (RAMUR module). Details for 
calculation of primary and multiple waves model were chosen on basis of velocity model 
analysis. 
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Spatial parameters for filter using were tested: 
NCX 
NCT 
Processing parameters were accepted as follows: 
Parabolas calculation zone 
Parabolas calculation space (DDT) 
Maximum band 
Initial value of suppression zone (DTCUT) 
Basis of application (NCX, NCT) 
Area of application 
II.DMO 
30 - 120 traces 
500 - 1200 msec 
-960 / 6720 msec 
24 msec 
100 Hz 
100 msec 
60 traces / 1000 msec 
LFD * 1.5 
DMO procedure was carried out using integral method (Kirchhoff) in KIDMO module. 
12. Third velocity analysis 
Velocity analysis (VESPA) after DMO procedure was carried out discretely with line interval 
2000 m. The results of velocity analysis were used for seismic data migration. 
13. Traces decimation 
In order to decrease processing time the traces decimation was carried out within COP 
(MOSTA module) before migration. 
14. Prestack time migration 
PSMIG module was used (realization of algorithm of phase shift) to perform prestack time 
migration. Migration was performed as per data with an application of normal moveout 
corrections with a frequency limitation in the range 4-100 Hz and conservable interface dip 
angle up to 70 degrees with the extrapolation spacing TAU 24 msec. 
15. Fourth velocity analysis 
After migration final velocity analysis (VESPA) was carried out with line interval 1000 m. 
Velocity details correction was carried out on basis of control stacking with changing of 
velocity data at range of +5% -5% with interval 2.5%. The results of velocity analysis were 
used to obtain final stacked sections as well as stacked sections on near and far trace offsets. 
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16. Stacking 
Stacking was carried out on true-amplitude basis (AD PAM module) using external and 
internal muting (to suppress residual background of multiple waves). After moveout 
correction and directly before stacking the calculation and residual correction procedure was 
used for moveout curve correction (Time Varying Trim Statics - PROMAX) with search 
window 16 msec. 
17. Demigration 
Stacked time sections demigration was performed using PSMIG module - DEMIG option. 
18. Migration 
Time migration of seismic sections was performed using Kirchhoff algorithm (KIRCH 
module). Velocity details were primarily smoothed over on 160 CDP basis at the upper part 
of section and on 480 CDP basis at the lower part of section. 
19. Multiple waves suppression 
Suppression of residual background of mUltiple waves at the upper and middle parts of time 
seismic sections was performed using SPLAT module (in F-X area). 
20. F-Kfiltering 
Suppression of residual background of diffracted waves was performed using symmetrical 
rejection F-K filter at velocity range of 800-3300 m/sec. Sometimes additional F-K filter was 
used, in the variant of band-pass filter with velocity range of -4200/-2200 -- +2200/+4200 
mlsec, with 40 Hz frequency limitation. 
21. Band-pass filtering 
Band-pass filters was chosen on test basis in the following consequence: 
Enumeration of narrow-band filters 
Enumeration of higher frequency filters with fixed lower frequency 
Enumeration of lower frequency filters with fixed higher frequency 
Enumeration of time-variant filters 
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Based on above test the following filtering details were accepted: 
Filter 1 
Frequency range (Hz) 
4-7 - 80- 85 
4 -7 - 50-55 
4 -7 -25 -30 
Filter 2 
Frequency range (Hz) 
4-7 - 80- 85 
4 -7 -30-35 
4-7 -25 -30 
Filter 1 was used for line west ends; 
Application window (msec) 
0-700 
2000 - 3000 
5000 - 8000 
Application window (msec) 
0-700 
2000 -3000 
5000 - 8000 
Filter 2 was used for central and east parts. 
Time sections filtering was carried out from seabed level. 
22. Dynamic equalization 
Time-variant dynamic equalization procedure was applied to final migrated time sections 
(DYNQU module) with the details as follows: 
L - Operator length (msec) 
L70 
L300 
L600 
23. NearIJar trace stacking 
Application window (msec) 
0-120 
90-600 
500- 8000 
Stacked sections of near/far trace offsets were obtained from migrated data using external and 
internal muting that provided division seismograms into two symmetrical (as per number of 
traces) parts. No further processing procedures were applied to these sections. All stacked 
time seismic sections are equated to sea level by application of static correction 10 msec. 
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Temperature (Oeg. C.) 
40 60 80 100 120 140 
o 0 0 
Geothermal Gradients (Oeg . C.) 
20 30 40 50 60 
o Onshore data 
• Offshore data 
o Onshore wells 
• Offshore wells 
Fig. A11.3: BP temperature data from the SB. (Top) Graph showing the Sakhalin 
offset temperatu re data et. (Bottom) Graph showing the akhalin off et geothermal 
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Appendix III: Synthetic Seis mic Modelling of Silica Diagenetic Reactions 
In this section an attempt is made to replicate the seismic expression of thc conversion of 
opal-A to opal-CT in seismic rctlection data us ing physical propel1y data to create a syntheti c 
seismic shot gather, which will be compared to a real seismic examplc of an opal-A to opal-
CT diagcnetic boundary. To do thi s the following methodology is used: (I) P-wave velocity 
and density data arc collated from a documented example of an opal-A to opal-CT boundary, 
in thi s case data from ODP Leg 150 Site 904, New Jersey continental slope, offshore NE 
United States (Mountain el a/. 1994) is used ; (2) the data are then load ed into Pro 111 ax (a 
seismic data process ing program) and convel1ed into a table of interval velocity against TWT 
Velocity (m s") 
~""-~w.w......6.lIWO 
(two-way travel time) (Fig. AIII.1); (3) usi ng a Finite 
Difference Model and a Minimum Phase Ricker wavelet 
with a central frequency of 60Hz, thi s wavelet was 
chosen as it gave an acceptable match with the observed 
1.5 data, a 10 synthetic shot gather is then generated (Fig. 
-III 
-(1) 
1.75 E 
t= 
~ 
~ 
>-ra 
~ 
o 
2.0 ~ 
Opal ·A !'ft .... - a------ __ _ 
Opal-CT 
~ 2.25 L..i._ ...... ___ -i.I 
Fig. AUl.l : One-dimensiona l 
velocity diagram used to 
prod uce the synthetic shot 
gather (Fig. AIII.2). 
AlI1.2); and (4) using the zero-offset tracc as a proxy for 
a stacked trace the synthetic data are then tied to a 
nearby eismic example of an opal-A to opal- T 
boundary to see whether the responsc of the synthetic 
matches that of the real example (Fig. AIII.3). 
The gap in figure AlI1.2 between the eabed 
reflection and the rest of the reflections representing 
stratal boundaries a result of the casing on th 
borehole. This means that wireline measurements could 
not be taken until the equipment had passed the bottom 
of the borehole casing. The depths were taken fi'om 
infonllation about Site 904 (see Mountain el (1/. 1994). 
The seabed is located at I 122.8 m below sea level with 
the bottom of the casing at 1216.7 m (93.9 m below the 
seabed). Generic values for P-wave velocity and den ity 
(1500 m S· I and 1000 g cm·3) were used to represent th 
layer between the seabed and the bottom of the casing in 
the synthetic model. 
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The syn thetic shot gather in figure AIII.2 shows an event, which represents the opal-A 
to opal-CT boundary, located at a depth of - 2.18 s (in TWT). It is at thi s corresponding depth 
in the data where there is a sudden and dramatic increase in the P-wave velocity (Fig. AIII.I), 
which dccreases slightl y below the boundary. Thi s velocity increase is a result of the phys ical 
property changes associated with the opal-A to opa l-CT transition (Mountain i.!! (II. 1994). 
Thi s event is slightl y brighter in amplitude when compared to the rest of the synthetic 
seismogram (Figs . AII!.2 and A II!. 3), i.e. the diagenetic boundary form s a di stinct rctlecti on 
with a positive polarity, which is commonly seen in other example (e.g. the NSB). 
The amplitudc associated with the opal-A to opa l-CT reflection on the ynthctic 
seismogram gets larger with increasing offset (Fig. AlII.2). All the traces on the plot were 
scaled using a common gain so the increase of amplitude with offset at the opal-A to opal-CT 
Offset 
20 40 60 80 100 
o 
Sea level 
Opal-A 
----------
. I I ,II 
Opal-CT 
reflection cou ld be 
caused by an AVO 
(amplitude variation 
with offset) or 
interference of thin 
layers below the 
seismic resolution . 
However, the graph in 
figure Al IlA suggests 
that the effect seen III 
figure A II!. 2 is 
probably not an AVO. 
In figure AllIA the 
line representing the 
amplitude of the 
reflected P-wave (Rpp) 
generated from the 
Zoeppritz equation 
(e.g. Simmons & 
Fig. AIII.2: Synthetic shot gather generated using data col lated 
from ODP Leg 150. The traces are approximately 20m apart, so 
the maximum offset is 2000 m. 
Backus 1994) is based 
on a simple interface between two layers above and below the opal-A to opal-CT transition , 
shows a s li ght decrea e with increasing angle of incidence between 0° and 45°, where 
incidence angle is equivalent to offset. After 45 ° there i a rapid increase with increa ing 
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angle of incidence until an anglc of incidence of - 660 whcn it rcaches the critical angle, i.e. 
the angle at which no P-wa\'e energy is transmitted through thc boundary. Therefore. for a 
simple interfacc you would not expect to observe a significant change in pulse of the silica 
transition rdlcction at limited amplitude offsets: hence it is likely that the apparent AVO on 
the synthetic seismogram is due to interference from reflections that form thin layers either 
side of the opal-A to opal-CT transition. The thin- cale laycring either idc of the diagcl1I.:tic 
boundary is more geologically piau ible (e.g. Fig. 1.8) than a simple t\;\,lo-layer model. 
Figurc AIlU show a vcry good con'e1ation between the synthetic seismogram and a 
20 seismic line that is located next to Site 904. The correlation is fixed at the seabed and 
1.5 
-tn 
-Q) 
1.75 E 
i= 
2.25 
Fig. AIII .3: P3I1 of 20 seismic line 1027 from the EW9009 
survey (offshore New Jersey continental slope - ee Mountain 
et al. 1994) with the ynthetic sei mogram superimposed on 
top of the line. This illu trate the con-elation between the 
synthetic and actual seismic data with respect to the opal-A to 
opal-CT boundary. 
gIves an excellent match 
at the reflector 
corresponding to the 
opal-A to opal- T 
boundary. Somc of the 
interm diate reflection 
do not match exactly, but 
this may be due to the 
location of the 20 
eismic line and location 
of Site 904 not being a 
precise tie, elTor 111 the 
generation of the 
ynthetic seismogram or 
possibly a combination of 
the e reason . An attempt 
to correlate 20 el mlc 
data to synthetic 
el mograms generated 
from well data at Leg 150 
ha been done before to 
correlate unconformities between ite (Lorenzo & He elbo 1996). Lorenzo & He elba 
(1996) found that at Site 904 the diagenetic boundary created a strong refle tion that could be 
mi taken for an unconfonnity. In conclusion, from these specific attempts to recreate the 
opal-A to opal-CT diagenetic boundary, the significant changes in phy ical prop rties, in thi 
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case P-wave velocity and density that in turn relate to the dramatic reduction in porosity, 
produce a strong positive amplitude reflection on seismic data which represents the 
diagenetic transition of silica phases. 
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Fig. AlII.4: Screenshot of a graph (fi'om www.crewes.org) for a 
Zoeppritz Equation solver. This can be used a a proxy for interpreting 
AVO effects. The red line represents the Rpp (reflected P-wave) . The 
data that wcre input into the graph are shown in Table AlII. I. 
Density (kg em-3) P-wave Velocity (m S-I) Estimated S-Wave Velocity (m S-I) 
1772.6 1907.4 1101.2 
1945.9 2087.2 1205.1 
Table AlII. 1 : Table showing the data used to generate the graph in figure AIlI.4. P-wave 
velocity and density were selected from one point just above and one point just below the opal-A 
to opal-CT boundary from the OOP Leg 150 Site 904 dataset (Mountain et at. 1994). The S-
wave velocities were calculated using the following method: Vs = Vp/ 3 (Richard Hobbs, pers. 
comm). 
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